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Abstract
Brief periods of starvation are a common stressor that most animals encounter in the wild
and must be able to survive in order to maximize their fitness. Starvation resistance of the adult
fruit fly, Drosophila melanogaster, is thought to be primarily conferred by adult fat stores, body
size, metabolic rate, behavior, and activity levels. Additionally, flies selected for starvation
resistance also often show delayed pupariation, which is usually indicative of altered hormone
signaling. How starvation selection extends development and if it contributes to adult starvation
resistance remains incompletely studied. Identifying the targets of starvation selection that cause
extended development and revealing how it might support adult starvation resistance will inform
us on how organisms survive starvation stress and manifest the various phenotypes associated
with starvation resistance, such as increased triglyceride stores.
My research aimed to reveal how starvation selection changes development time and how
that contributes to adult starvation resistance. To address these questions, I first characterized
the development of a strain of extremely starvation-resistant flies that have been under starvation
selection for over 130 generations. Based on the pattern and distribution of the developmental
delay, I then identified reduced ecdysone signaling as the likely effector of delayed development,
which I corroborated by measuring ecdysteroid levels during larval development. I also verified
that exogenous ecdysone could rescue development.
To measure the contribution of the extended larval development to adult starvation
resistance, I used altered diets and dietary restriction to change development time and body
composition, which exposed that the extra larval development time is not responsible for the
majority of the adult starvation resistance in the starvation-selected flies. This may represent a
biological spandrel, or exaptation, if larval development is later found to be a secondary
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consequence of selection on another adaptive trait. One hypothesis presented that is consistent
with the results and evidence is that starvation selection has increased the prevalence in the
population of alleles that globally reduce ecdysone production and signaling, and thus this drives
processes that promote starvation resistance in the adult, but also happen to affect the larval
development. Further, ecdysone signaling in the adult may not necessarily be the direct target of
starvation selection either, with perhaps size or function of the steroidogenic organ being an
upstream target. Lastly, I suggest a likely mechanism and present evidence that a nutritional
sensing and signaling pathway sensitive to dietary yeast content (but not dietary cholesterol)
regulates developmental time and triglyceride content differently in the starvation-selection
population, and thereby promotes starvation survival in the adult. However, this mechanism
(and extra development time or larval nutrition in general) is a small contributor to the overall
starvation resistance of the SS population. These findings underscore the need to discover the
primary targets of starvation selection and the limitations of interrogating evolutionary history
without observing it directly.
Together, my results are of interest to developmental biologists, insect hormone
biologists, nutritional biologists, and stress resistance physiologists and will support a broad
range of health science that relies on foundational research in translational model organisms.
Research into the etiology of human obesity and nutritional regulation of hormones and
development is supported by this work.
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Chapter 1: General Introduction
Obesity is a main risk factor for the nation’s leading killer, cardiovascular disease, which
includes heart disease, strokes, and Alzheimer’s (Calle et al., 1999). In the United States, 2 in 3
adults and 1 in 6 children are overweight or obese, with obesity-associated health care expenses
costing an estimated $190 billion annually (Cawley and Meyerhoefer, 2012; Hales, 2017).
Therefore, deciphering the etiology of obesity is a massive public health issue.
Globally, there are now more overweight and obese people than there are underweight
(NCD Risk Factor Collaboration, 2016), however both are forms of malnutrition. Obesity is
associated with micronutrient deficiencies despite overconsumption of calories (Via, 2012).
Western style dietary patterns and obesogenic estrogen-mimicking compounds in the
environment have likely contributed to the dramatic increase in occurrence of obesity and
associated metabolic diseases. These diseases include those that affect hormone production,
such as Polycystic Ovarian Syndrome (Barrett and Sobolewski, 2014; Rosenfield and Ehrmann,
2016) as well as precocious puberty associated with childhood obesity (Li et al., 2017).
Despite obesity being preventable and modifiable through dietary and lifestyle choices,
obesity is somewhere between 40-70% heritable (Farooqi and O’Rahilly, 2006). However, even
the strongest candidate genes have a small effect on overall weight (<3kg, 6.6lbs) (Frayling et
al., 2007; Loos and Yeo, 2014; Speliotes et al., 2010). The lack of conclusive proof about
genetics and obesity might be due to gene-by-environment interactions (GEI), where a genotype
only causes weight perturbation under certain conditions such as overabundance of particular
nutrients or lack of exercise (Huang and Hu, 2015). Further, epigenetics may play a role in
communicating environmental nutritional status to future generations, preparing offspring for
lean times which predisposes them to Type II Diabetes (T2D), metabolic disease, and
cardiovascular disease in later conditions of plenty (Elshenawy and Simmons, 2016; Schulz,
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2010). The propensity to store fat may be an evolutionary adaptation that has become
maladaptive in the current environment.
Adipose tissue, or fat, is a dense form of energy storage that can support survival in the
absence of food or under food shortage conditions. The need to survive brief periods of
starvation has likely sculpted genetic programs that control far-reaching aspects of biology
including our food seeking behavior, activity levels, propensity to overeat in times of plenty, and
lack of an upper threshold of fat storage despite detrimental effects under modern conditions of
excess. The “Thrifty Genotype Hypothesis” purports that the selective pressure of famine during
human evolution has selected for “thrifty” genes that can result in negative health outcomes, like
T2D, in conditions of excess (Neel, 1962). There is limited supporting data for this theory,
however. There are also some criticisms of the exact mechanisms of this theory such as the
evolutionary time period required, and the near-constant selection pressure needed (Prentice,
2005; Speakman, 2008). It also ignores evidence that periods of brief famine are often followed
up by periods of compensatory increased fecundity. Despite uncertainties about the origin of the
genetic etiology of obesity, there is mounting evidence for a mismatch between our thrifty
genotypes and modern conditions that render the propensity for obesity a maladaptive trait.
Many alternate theories have been put forth, some of which oppose the Thrifty Genotype
Hypothesis and others that refine or complement it (reviewed in Genné-Bacon, 2014). A main
criticism of the Thrifty Genotype Hypothesis is that it cannot address the heterogeneity of
obesity in the population (Speakman, 2008). One alternate proposal is the “Drifty Gene
Hypothesis”, which puts forth the idea that the ancestral genotype is “thrifty” and removal of the
selective pressures that limit body weight, like predation and mobility requirements, allowed
genes controlling upper fat thresholds to drift into non-functional forms (Speakman, 2008).
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Other researchers agree that “thriftiness” is ancient, and the recent obesogenic environment has
selected for some individuals that are resistant (Sharma, 1998). This would indicate the need to
research lean individuals to find beneficial mutations and so-called “skinny genes”. More
recently the “Thrifty Phenotype Hypothesis” (Hales and Barker, 2001) and the “Thrifty
Epigenome Hypothesis” (Stöger, 2008) also suppose that all humans have a “thrifty” genotype
and that its regulation and expression is dependent on the fetal and/or maternal conditions or the
adult environment (Maugeri, 2020).
The etiology of human obesity is of important clinical relevance as it implies different
research and treatment approaches. For example, obesity may be treated as a heterogeneous
genetic disease in the future of personalized medicine. Obesity due to eating behaviors would be
treated differently than a reduced metabolism, and, if maternally determined, intervention in
pregnant women would be the most effective preventative public health measure (Genné-Bacon,
2014). Regardless of the mechanisms underlying the current obesity epidemic, the challenge of
finding enough food is common to all organisms, and biological life as a whole has been
sculpted at the genetic level to withstand the pressures of food shortage to ensure their survival
and reproduction. Studying the mechanisms by which animal model organisms can become
obese and the consequences of starvation selection will inform about the etiology of human
obesity.
Mechanisms and Consequences of Starvation Resistance
Stress from the environment is a type of selection pressure that drives evolution
(Hoffmann and Hercus, 2000). The animals most fitted to that environment survive and thrive
over the animals that are less fitted, and therefore successfully pass on their genes more often.
This results in their genes making up a greater proportion of the next generation. Many animals
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in the wild are regularly faced with nutritional stress and may need to survive in the absence of
food for limited periods of time. The animals that survive pass on traits that conferred these
abilities, and perhaps epigenetic information about the nutritional conditions (Buescher et al.,
2013; Elshenawy and Simmons, 2016), to their offspring.
Experimental evolution applies the forces of natural selection to a population under the
controlled environment of a laboratory. These experiments intend to address questions about
how an organism adapts to its environment and the tradeoffs that are associated with that
adaptation. What physiological changes allow these animals to be starvation-resistant, and how
evolution has sculpted these traits, can inform us about the evolutionary history of humanity by
investigating the evidence in our genomes.
The mechanisms of starvation and the ratios of energy usage are different between taxa
but may provide insights into the requirements for starvation resistance (McCue, 2010). Upon
starvation, humans first utilize stored glycogen from the liver and tissues along with a basal level
of protein for nitrogen balance. After depletion of glycogen, fat reserves are accessed.
Breakdown of fatty acids liberates glycerol which is needed to produced ketone bodies for the
brain in the absence of sufficient glucose. About two-thirds of the brain’s energy needs can be
supplied by ketones. However, each day about 10g of glucose must be supplied via
gluconeogenesis in the liver from fatty acid breakdown via acetyl-CoA and the body's own
proteins, which might consume 20-30g of protein per day. After prolonged fasting, skeletal
muscles begin to atrophy as protein becomes the main fuel source. Essential organs are initially
spared, such as the brain, kidneys, and gonads, but eventually death occurs when these organs
malfunction. Some obese individuals may theoretically deplete their protein stores due to the
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requirements of gluconeogenesis before depleting their fat stores (Owen et al., 1998). Therefore,
protein stores as well as fat stores are important under starvation resistance.
The fruit fly, Drosophila melanogaster, is an excellent model organism in which to study
the evolution, genetics, and physiology of starvation resistance (Gibbs and Reynolds, 2012).
Their relatively short generation time allows for hundreds of generations to be studied in the
course of a career and the cost of animal husbandry is moderate. Their genome is fully
sequenced and there exist many genetic tools that have been developed during their history as a
model organism of choice (Hales et al., 2015). The fruit fly is a relevant model organism to
study because of their similarity to humans at the genetic, cellular, and organ level. It is not just
the genes for fat metabolism that are highly orthologous, but it is also the cycle of fat
metabolism, the structure of the lipid droplets within fat cells, and the fat cells that make up the
fat body (an organ with function analogous to human fat and liver tissue) that can be used as a
model for humans (Trinh and Boulianne, 2013; Yongmei Xi and Zhang, 2015).
1.1.1 Larval Life History and Adult Starvation Resistance
In humans, poor maternal nutrition during gestation can contribute to the offspring’s
future development of metabolic syndrome (Elshenawy and Simmons, 2016). Intra-uterine
growth-restrictions and small birth weight in humans is associated with insulin resistance, even
during puberty (Gluckman and Hanson, 2004). A poor intra-uterine environment, independent
of fetal growth, also can induce change in metabolic and cardiovascular development. Adverse
embryonic or fetal environment can contribute to hypertension, insulin resistance, lethargy,
central obesity and dyslipidemia. This shows that nutrition during growth has effects on adult
phenotypes that are integral to starvation survival, such as increased fat stores.
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Developmental nutrition has been studied in model organisms. In rats a low-protein diet
can affect their offspring’s metabolism in such a way that causes the diabetic-like condition of
excess hepatic glucose production (Petrik et al., 1999). In the honeybee, Apis mellifera, larval
starvation can increase future adult starvation resistance (Wang et al., 2016). The adults were
able to shift to other fuel sources more quickly and better able to maintain their necessary blood
sugar during starvation, promoting survival.
The larval diet of the fruit fly influences adult phenotypes long past the nutritional excess
or deficit – for example, determining the final size of the adult or their foraging behavior
(Clancy, 2001; Urquhart-Cronish & Sokolowski, 2014). Larval fat has been shown to play a role
in starvation resistance of adults, indicating that larval nutrition is important to starvation
resistance (Aguila et al., 2007). Food deprivation affects adult foraging behavior and fitness
dependent on a gene by environment interaction (GEI) in two naturally occurring alleles of the
gene forager (Burns et al., 2012). Increased larval density (concentration of larvae on a food
substrate) is a form of stress that has far reaching and profound effects on many traits including
starvation resistance, development time, and leads to a shift in resource allocation towards
storing a greater proportion of fat (Baldal et al., 2005). Selection for lines reared at high density
also increased starvation resistance (Baldal et al., 2005; Mueller et al., 1993).
Triglyceride and Protein Content
Selection for starvation resistance in fruit flies can dramatically increase their ability to
survive in the absence of food. One mechanism by which they achieve this is by increasing their
ability to store fat in the form of triglycerides (Borash and Ho, 2001; Chippindale et al., 1996;
Djawdan et al., 1998; Harshman et al., 1999). Reduced metabolism (Reynolds, 2013) as well as
reduced locomotor activity also increase starvation resistance (Isabel et al., 2005).
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Starvation selection in Drosophila increases fat content and the change in fat content can
be observed as early as after one to five generations of selection (Baldal et al., 2006; Borash and
Ho, 2001; Chippindale et al., 1996; Djawdan et al., 1998; Harshman et al., 1999; McKenna,
2020). Fat content is highly correlated to starvation resistance, but different genotypes can use
stored lipids more or less efficiently (Bharathi et al., 2003).
Starvation resistance is often associated with an increase in the proportion of body fat,
specifically. Adding more fat is only one way to increase the proportion of body fat. Reduction
in other stored molecules like glycogen and protein, or overall body size, while maintaining the
same fat stores also accomplishes this increased proportion of body fat (Baldal et al., 2005; Reis,
2016).
Development
Drosophila starvation-selected lines show longer development (Chippindale et al., 1996).
Larval life history impacts starvation resistance of the adult, but developmental time alone is not
the causal factor for starvation resistance or fat content. External life history factors, like high
larval density, can increase starvation resistance along with increasing developmental time, but
this is not accomplished because of the extended developmental time itself. High larval densities
cause a decrease in total adult body weight, presumably due to improper nutrition, which also
causes increased larval development time (Zwaan et al., 1991). The starvation resistance is a
product of physiology induced during the pre-adult stage or a selection on viability where only
the most stress resistant larvae survive to pupariate.
Selection for fast or slow development times can result in the slow lines also
accumulating more lipids (Zwaan et al., 1995) but from those experiments it is unknown whether
this was also accompanied by an increase in protein content as well. Selection for reduced larval
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development time can also result in overall lighter flies (Nunney, 1996). Therefore, development
time may allow for an increase of TG that supports SR under certain conditions but does not
necessarily intrinsically cause SR.
It was previously shown that manipulating the development time period by reducing food
quality or increasing larval crowding could enhance starvation resistance and longevity (Zwaan
et al., 1991). Both of these treatments are forms of dietary limitation, which affect the
Insulin/Insulin-like Signaling (IIS), required for larval development. Perturbation of the IIS
delays larval development and is associated with increased starvation resistance and increased
longevity (Broughton et al., 2005). Integrating these findings suggests that extended
development time might be a consequence of starvation resistance and larval stress but is not the
causal factor for starvation resistance and longevity.
Fecundity
Nutrition regulates fecundity and the fat body is important for maturing oocytes through
the vitellogenic stages (Mirth et al., 2019). Usually, more fat means higher fecundity in insects,
however, interspecies differences amongst Drosophila were observed to violate this
generalization (Bharathi et al., 2003). Starvation selection was shown to reduce early-age
fecundity (Wayne et al., 2006).
Fat body remodeling during metamorphosis is an essential developmental event (Nelliot
et al., 2006). It was shown that larval fat cell death was required for normal allocation of
resources to fecundity (Aguila et al., 2013). Impairing larval fat cell death can increase
starvation resistance (Aguila et al., 2007). Lack of juvenile hormone was found to prevent fat
body maturation (larval fat histolysis) and cause reduced fecundity (Postlethwait and Jones,
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1978; Yamamoto et al., 2013). Therefore, the larval life history and nutrition play a role in adult
fecundity and starvation resistance.
Larval life history is closely linked to adult survival and reproductive success. Lines
selected for slow development did not have an increase in lifespan (which can sometimes be
used as a proxy for estimating relative starvation resistance), but they did have relatively high
early fecundity and low late fecundity when compared to the fast-developing lines (Zwaan et al.,
1995).
Longevity and aging have also been shown to evolve. Aging has been proposed as a
tradeoff from selection for alleles that benefit early reproduction but are deleterious in later life.
Alternatively, there is the “disposable soma” theory where reproduction (production of gametes)
is favored over maintenance of the body (Kirkwood and Rose, 1991; Partridge and Barton, 1993;
Rose and Charlesworth, 1980). Partridge and Fowler (1992) showed selection for late
reproduction increases longevity. One ancillary result from our starvation selection regime is a
selection for late reproduction (see 2.3 Methods). This might suggest that alleles that are
deleterious in later life have also been selected against, increasing longevity, and possibly that
alleles supporting fecundity have been selected against in order to favor maintenance of the
soma.
Metabolism and Activity
Selection for starvation-resistance is associated with reduced metabolism, and reduced
activity (Brown et al., 2019; Masek et al., 2014; Reynolds, 2013). It is not entirely clear how
much of the decreased activity might be due to behavior and metabolism and how much is due to
the hindered flight dynamics caused by their largely increased triglyceride stores (Brewer, 2013).
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The mechanisms by which starvation-selection reduces metabolism and activity are
unknown, however it may be so fundamental as to be regulated by availability of energy to the
cells. Flight is an incredibly energetically intensive activity, with a fly depleting glucose within
two minutes of flight before switching to glycogen (Sacktor and Wormser-Shavit, 1966;
Wigglesworth, 1949). Some mutants with impaired circulating blood sugar and lipid
mobilization also have reduced activity that results in 50% greater starvation resistance (Isabel et
al., 2005).
Metabolically significant differences in activity levels can even be determined by a single
gene variant. Two naturally occurring alleles of the gene forager that are environmentally
sensitive cause adults to phenotypically display “rover” (forR) or “sitter” (forS) behavior,
referring to their propensity to leave a food patch and explore other options in their environment
(Burns et al., 2012). Further, the larval environment can affect adult behavior based on genotype
at the forager locus. Larval food deprivation causes adult sitters (forS) to display more
exploratory darting behaviors as adults but did not affect the foraging behavior of forR adults.
The low activity forS animals also show delayed development time under larval nutritional stress
(Vijendravarma et al., 2012) and larval density can affect the balancing selection of the gene
forager (Sokolowski et al., 1997). Qualitatively it has been observed that the larvae of the
starvation-selected population used in this work do not move as far or as fast as FC when on egg
collection food plates or in dissecting solution (personal observation).
Sleep
There is a genetic regulatory circuit linking sleep and flight activity, where disrupting
flight activates sleep-promoting projection neurons (Melnattur et al., 2020). Sleep and foraging
behavior are necessarily at odds, and so might be targets for tradeoffs associated with starvation
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selection. Unselected flies, like mammals, suppress sleep when starved in favor of foraging
(McDonald and Keene, 2010). The corollary to this is that sleep would return to normal in
conditions of abundant food. But the starvation-selected population in this study, with access to
plenty of food, has previously been shown to have prolonged sleep as compared to control
populations that have not been selected for starvation resistance (Masek et al., 2014; Slocumb et
al., 2015). The normal increase in activity and suppression of sleep caused by starvation would
likely be maladaptive in the laboratory experimental selection conditions, as flies are confined to
a plexiglass “cage” container without food, and increased activity for foraging would only
deplete their resources.
Slocumb et al. (2015) showed evidence that prolonged sleep is adaptive under starvation
conditions specifically, and not just generally under conditions of stress. However, lower sleep
and activity levels do not always predict greater starvation resistance. Greater intrinsic starvation
resistance was found in a temperate line of Drosophila that usually slept less and moved more
under fed conditions than a tropical population with lesser starvation resistance, indicating that
less movement is not necessarily a predictor of SR (Sarikaya et al., 2020). Miura and Takahashi
(2019) found that there is natural variation between populations for the suppression of sleep
during starvation resistance. They reported that two of their 21 wild-derived inbred lines
responded differently by instead extending the duration of their sleep bouts under acute
starvation and that that contributed to their increased starvation resistance (Miura and Takahashi,
2019).
Recently, methods of defining and quantifying sleep states in second instar larvae have
been performed by Slocumb, et al. (2019) on the starvation-selected population in this work.
They showed a non-significant trend of increased sleep and number of sleep bouts as compared
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to FC. It is unclear how sleep has been altered in the starvation-selected populations and if it is a
primary target or a consequence of some metabolic changes that alter brain chemistry and
activity levels.
1.1.2 Tradeoffs
Increased starvation survival also comes with costs. Starvation resistance has been
associated with many other phenotypes like lowered fecundity, fat-associated heart defects,
decreased flight performance, decreased activity, increased number of sleep bouts, and longer
time to develop (Gibbs and Reynolds, 2012). Investigating the relationship between these
associated phenotypes and consequences will inform us about the mechanisms of starvation
survival and about animal physiology in general.
Some of these traits found in starvation-selected populations may be tradeoffs, which
limit fitness but exist necessarily because of an adaptive trait. The effects of starvation resistance
on a population can be considered with the understanding that some changes allow for starvation
survival, while some are tradeoffs, and that it is not always immediately apparent which is
which. A tradeoff exists when the allocation of a limited resource to one trait is necessarily at
the expense of another, termed the “Y” model (Lailvaux and Husak, 2014). For example, more
resources invested in the maintenance of the soma at the expense of resources for reproduction
allow for starvation survival but result in decreased fecundity.
Also, some traits are necessarily in opposition to each other while not resulting from a
tradeoff of a material resource allocation, but perhaps time or opportunity cost. For example, a
longer developmental period that allows for a larger body size and greater fecundity also
necessarily implies a delay in time to reproductive maturity which may be disadvantageous in an
age-structured population that subsists on an ephemeral food source.
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Additionally, the evolutionary response to the selection pressure may then have
consequences associated with it that may not be due to limited resource allocation. For example,
increased fat content may cause alterations in the cuticular hydrocarbons that affect mate
preference and negatively affect “attractiveness” to the opposite sex (Billings et al., 2019;
Jennings et al., 2014; Shahandeh et al., 2018; Snellings et al., 2018; Takahashi et al., 2012). The
phenotypes associated with SR might also cause decreased larval viability (Chippindale et al.,
1996).
1.1.3 Spandrels
It is possible that repeatedly observed traits associated with starvation resistance are mere
spandrels; evolutionary byproducts of definite and necessary form that exist because of an
adaptive trait but themselves are not adaptations for survival (Gould, 1997). Such traits are
named after an architectural feature, the triangular gap created at the corner of an archway. The
selected design element is the archway, and by consequence, there exist the corners, which are
called spandrels. Artists so expertly painted scenes in these corners that it seemed as if the
archways were designed for them, instead of the other way around. Spandrels from the selection
pressure might later be coopted for a function that supports survival and fitness, which would
classify them as exaptations (Gould and Vrba, 1982). The importance of spandrels and
exaptations as terms is in discussing the historical origin of traits. Which trait did the selection
pressure initially act on and were there by-products (spandrels) of that adaptation that were then
later further honed into something adaptive (an exaptation)?
Spandrels and exaptations, despite their controversial definitions and examples (Kluge,
2013), are said to have been coined to fill a gap in the lexicon that may have inhibited proper
characterization of the origin of traits in an era where every biological structure was being
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analyzed for Darwinian evolutionary advantage (Gould and Vrba, 1982). To this point, it is
important to recognize that some traits associated with SR may not be direct targets of selection
even if they have since undergone exaptation to contribute to some aspect of fitness under the
starvation selection regime.
Differentiating the primary targets of starvation selection from potential spandrels and
exaptations would further reveal the mechanisms of starvation resistance. It is therefore of
interest whether extended larval development is a spandrel. Information about the evolutionary
history and order of the occurrence of adaptive traits would be required. Despite this, it is still
valuable to have these terms when discussing evolution of adaptations and to consider this
possibility when making hypotheses about the evolution of starvation resistance and obesity.
Experimental Background
The fruit fly, Drosophila melanogaster, has been established as a model in which to study
obesity, metabolic disease, and nutrition (Alfa and Kim, 2016; Graham and Pick, 2017). Flies
have greatly increased lipid stores under caloric overload, and contain similar tissues, organs,
and systems that are affected by obesity (Musselman and Kühnlein, 2018). Further, fat
metabolism (Trinh and Boulianne, 2013), nutrition signaling (Rajan and Perrimon, 2013) and
developmental hormone signaling (Hyun, 2018; Niwa and Niwa, 2011; Yamanaka et al., 2015;
Klinge, 2018) are orthologous between fruit flies and mammals at the cellular level.
The Gibbs lab has generated an obese population of flies by an experimental evolution
regime for starvation resistance (SR). These heterogeneous, outbred, flies were first caught in
the wild and have subsequently undergone over 130 generations of starvation selection in the
laboratory, resulting in an extreme starvation resistance phenotype. The starvation-selection
pressure has also resulted in other changes to the population. They exhibit extended larval

14

development and obesity (significantly increased triglyceride stores), without overall larger body
parts, among other traits like metabolic changes, reduced fecundity, sleep irregularities, and
behavioral differences (Beeghly, 2019; Brown et al., 2019; Hardy et al., 2015; Masek et al.,
2014; Reynolds, 2013; Slocumb et al., 2015). These traits are hypothesized to have evolved to
support starvation resistance and have been observed in many different experimental evolution
experiments of starvation selection. Until now it has not been studied how starvation selection
extends larval development or if this trait contributes to obesity and starvation resistance in a
starvation-selected population. This work investigates how the extended larval development is
controlled and how it contributes to obesity and starvation resistance in a starvation-selected
population.
The experimental evolution regime involves starving outbred, genetically heterogeneous
adult flies until only approximately 20% are left alive or up to fourteen days. The surviving flies
are reintroduced to food and allowed to recover before their eggs are collected to seed the next
generation that will undergo the same process. The control and experimental populations in this
experiment originate from wild caught, outbred female flies collected in Terhune, New Jersey in
1998. Starvation-Selected (SS) and Fed Control (FC) populations have been kept in triplicate as
independent biological replicates (A, B, and C). All lines have been handled in parallel and kept
in large numbers of about 10,000 individuals per population. The three separate Fed Control
populations always have access to food. The three separate Starvation-Selected populations have
access to food during their larval development but are then starved after a few days of adulthood
on agar-only media that provides water but no nutrition. At the start of the experiment, mean
starvation survival time for all six populations was about 3 days. After 130 generations of
selection, Starvation-Selected populations survive for an average of 10 days without food with
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some individuals surviving for 19 days. Fed Control populations still display a survival time of 3
days without food. The SSA replicate has a higher mean starvation resistance for newly eclosed
females (11.4 days) than the other replicates SSB (8.2 days) or SSC (8.5 days) (Hardy, 2016).
Therefore, only SSA and the Fed Control replicate “A” (FCA) was used for the experiments
described in this dissertation and will be referred to simply as Starvation-Selected (SS) and Fed
Control (FC) (Fig. 1.1).
The female adults of the SS population have about 3x greater triglyceride stores than FC,
both at eclosion and four days later (Fig. 1.2A). The SS population also displays a nonstatistically significant trend towards increased protein, 15% at eclosion and 30% at 4 days old
(Fig 1.2B). The increases in both TG and protein still results in an increased TG:protein body
composition ratio.
It has been observed that SS flies take about one day longer to develop from egg to
eclosion (Reynolds, 2013) than unselected flies under the conditions that have been used to
select them for greater than 130 generations (25°C, 25-35% humidity, constant light, sucroseyeast-cornmeal food recipe). It is assumed that the developmental period extension is caused by
the starvation selection pressure, but how the development extension occurs is unknown. The
development of Drosophila is orchestrated by the hormone 20-hydroxyecdysone (20E) (Fig. 1.4)
and so 20E expression is therefore likely to be altered in the SS population.
The extended larval development of the Starvation-Selected population results in larvae
that pupariate with more fat cells (Reynolds, 2013). The longer larval development is
hypothesized to be a major contributing factor to the SS population’s ability to survive
starvation, and not just a by-product of selection. However, larval fat is not the only reason for
extended starvation survival. Firstly, the SS population has accumulated many other traits over
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more than 130 generations of selection that may help them survive starvation. For example, the
SS adult flies are behaviorally far more sedentary than FC (Masek et al., 2014). Additionally,
despite the report that as much as 80% of the starvation resistance of adults from laboratory
strains can be attributed to larval fat stores (Chippindale et al., 1996), adults also have the stored
energy that they can gain from eating in the first few days of adulthood after eclosion. The SS
flies may also be able to store larval fat faster or utilize it to different degrees of efficiency.
Also, the reduced fecundity of the SS flies (Beeghley, 2019) means that they spend fewer of their
resources on reproduction and more on survival, as has been proven in other models (Terashima,
2004). Still, the extended development may play a significant role in the adult phenotypes.
Summary
The mechanisms underlying the developmental extension of the SS population are
expected to somehow contribute to starvation resistance ability (namely body size, fat content,
and adult metabolism), including the possibility that the impact is due to a tradeoff and not
directly supportive of starvation resistance (similar to reduced fecundity or altered sleep). It is
possible however, that the developmental extension is merely a spandrel, an evolutionary byproduct, caused by a different adaptive trait, but that itself was not the primary target of selection
initially. Determining the distribution of the developmental extension may help identify the
systems that have been altered to give rise to extreme starvation resistance.
Starvation resistance is a typical quantitative trait that shows considerable natural
variation (Harbison et al., 2004), so therefore the SS phenotype most likely arose by selection for
many different alleles preexisting in the source population and most likely not as de novo
mutations. It is likely that many different alleles that previously existed innocuously in the
population, causing only slight adjustments to the status quo, might combine to create the
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extreme phenotype we see in the SS population. The SS phenotype doesn’t neatly fit into any
model of single-gene alteration, and not unexpectedly. GWAS studies of the SS populations
revealed 1,453 gene loci that have been identified as targets of selection shared by all of the
populations (Hardy, 2016). Classic genetic techniques such as Gal4-UAS and RNAi are
intractable in this system because crossbreeding to inbred laboratory flies with genetic tools
results in a dilution of the SS genotype and their subsequent phenotype in a Mendelian fashion.
Therefore, physiological studies are required to illuminate the mechanisms of starvation selection
that have occurred under experimental evolution of an outbred population.
Much like the SS population, humans are genetically heterogeneous and have been subject
to a wide variety of selection pressures that include starvation. Data regarding human obesity
shows that some individuals are genetically programmed to store more fat than others, with
heritability just under that for height, estimated to be between 40-70% heritable (Farooqi and
O’Rahilly, 2006). However, these heritable genes may only account for <3% difference in body
weight (Frayling et al., 2007). As fat metabolism is a well conserved system between fruit flies
and humans, the systems altered in the SS fruit flies may provide information about the
molecular pathways to human obesity.

18

Starvation Survival (hours)

350

c
274.1

300

d

250

208.6

200
150
100

a
70.1

b
43.6

50
0

n=12

n=25

n=62

n=17

newly
eclosed

4 days old
mated

newly
eclosed

4 days old
mated

FC

SS

Fig. 1.1 Starvation Survival of Newly Eclosed vs 4day-old Mated Female Adults
Grouped bar graph represents hours of starvation survival of newly eclosed versus 4±1 day-old
mated female adults from generations contemporary with those of the following experiments
(gen 125-135, approximately). N=12-62 individual flies. Multiple t-tests returned significance
values that were Bonferroni-corrected for multiple comparisons. Letters represent significance
groups using P<0.05. Error bars represent 95% confidence intervals. See 4.3 Methods.
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Fig. 1.2 Body Composition of Newly Eclosed vs 4day-old Mated Female Adults
Grouped bar graphs represent (A) triglycerides (using the Infinity TG reagent) and (B) protein
content (using the bicinchoninic acid method) of newly eclosed versus 4±1 day-old mated female
adults from generations contemporary with those of the following experiments (gen 125-135,
approximately). N=7-15 pairs of flies. Multiple t-tests returned significance values that were
Bonferroni-corrected for multiple comparisons. Letters represent significance groups using
P<0.05. Error bars represent 95% confidence intervals. See 4.3 Methods.
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Fig. 1.3 Starvation-Selected Females Do Not Have Visibly Larger Eyes than Fed Control
Populations
(A) Photographs of the FCABC and SSABC females taken around generation 90. Reproduced from
Hardy, 2016. (B) Overlay of 2D outlines of torsos and eyes of FC and SS populations to
demonstrate equivalent body part size, despite enlarged abdomens in the SS.
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Fig. 1.4 Ecdysteroid Titers During Development
Ecdysteroid pulses during Drosophila larval development, (edited from Ou et al., 2011; Di Cara
and King-Jones, 2013; and Warren et al., 2006). Major and minor peaks of ecdysone during
Drosophila melanogaster larval development coordinate and coincide with molts and
developmental checkpoints. Gray arrows are labeled with the inputs that go into mounting the
pulse.
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Chapter 2: Starvation Selection Results in Developmental Extension that is Primarily in
the Third Larval Instar
2.1

Abstract
An outbred population of starvation-selected flies takes about one day longer to develop

from egg to eclosion after greater than 130 generations of starvation selection of adults. It is
assumed that the developmental period extension is caused by the starvation selection pressure,
but when during development the developmental extension occurs is unknown. The objective of
the experiments in this chapter is to characterize the developmental profile of the StarvationSelected flies and compare it to both the Fed Control and the inbred laboratory strain Canton S
(LS) under standardized conditions. Developmental extension was mainly in the third instar and
the pupal period. The regulation and inputs known to control developmental transitions are
identified and their suitability as candidate targets of starvation selection are discussed.
2.2

Introduction
The larval period of Drosophila melanogaster is a life stage dedicated to feeding and

growth lasting approximately four days under standard conditions, growing by about 200-fold
(Church and Robertson, 1966). Their chitinous exoskeleton constrains their growth and they
therefore undergo three molts in which a new cuticle is grown and the previous one shed. These
developmental transitions are regulated by the steroid hormone 20-hydroxyecdysone (20E).
Ecdysone (E) is the molecular precursor to 20E, and “ecdysone signaling” is used to generally
refer to the hormone and its metabolites unless particularly specified otherwise. Pulses of
ecdysteroids (ecdysone and its derivatives, including 20E) can be observed preceding each
developmental event (Fig 1.4).
After hatching, first instar larvae spend about 24 hours eating before they undergo
ecdysis, otherwise known as molting, to shed their previous cuticle that they have outgrown.

23

The drop in ecdysone titer after a pulse in the hours preceding a molt stimulate the release of
Eclosion Hormone (EH) and Ecdysis Triggering Hormone (ETH) that controls the wriggling
behavior that allows them to escape their old cuticle, revealing a fully formed new cuticle
underneath (Žitňan et al., 2007). Each larval instar has a new set of mouth hooks for feeding that
differ in size and morphology that can identify the stage of the larva. The second instar larva
feeds for another 24 hours approximately, growing rapidly, and repeats the process to shed their
cuticle and become a third instar larva. Third instar larvae grow by 3x over about two days.
About 70% of the larva’s final mass is gained in the last‐instar larva as it grows from 0.5 mg to
about 1.8 mg during that stage (Mirth et al., 2005).
In another life stage transition controlled by ecdysone, larvae eventually cease eating and
‘wander’ up out of the food in search of a place to pupariate and undergo metamorphosis. Like
all holometabolous insects, during the pupal stage, almost all larval tissues undergo autophagy
and are used to fuel the growth and proliferation of imaginal discs, structures of highly organized
groups of cells that will expand to become the adult tissues (Tracy and Baehrecke, 2013). After
this intricate process, the fully formed adult emerges from the pupal case in a process called
eclosion. The whole process from egg to adult takes about nine days at 25°C (French et al.,
1998; Fig. 1.4).
In well-characterized laboratory stocks, it is known that larval development time,
controlled by ecdysone (Walkiewicz and Stern, 2009), contributes to adult starvation resistance
(Chippindale et al., 1996) by affecting body size (Yan et al., 2015) and nutrient stores (Kolss et
al., 2009). Ecdysone deficits manifest as delays in development or developmental arrest (failure
to pupariate or molt) primarily in the third instar, depending on the nature of the mutation, and
are sometimes associated with larval overgrowth. It is therefore expected that ecdysone

24

signaling is altered in the SS population to cause their extended development. Therefore, it is
hypothesized that starvation selection leads to extended larval development by altering
developmental checkpoints and the hormone pulses that control transitions in order to increase
the larval nutrient stores that support starvation resistance. Determining how the delay is
apportioned throughout development by measuring the duration of the larval stages in the SS
population may reveal if ecdysone signaling has been altered by the starvation selection. I
investigated this hypothesis by characterizing the developmental profiles of the StarvationSelected (SS) and the Fed Control (FC) populations against a well characterized laboratory stock
(LS) of Drosophila melanogaster, Canton S.
Alternatively, systems governing physiological checkpoints that allow progression
through development via ecdysone signaling may be inhibiting the normal developmental
program, as opposed to a global effect on ecdysone. The distribution of the developmental
extension could reveal specific developmental checkpoints or milestones that may have been
altered by starvation selection.
The following overview of ecdysone signaling during development reviews some of the
various pathways and functions that, when altered, might give rise to a phenotype similar or
reminiscent to the SS population, or a variation in ecdysone signaling in general.
2.2.1 The Hormone Ecdysone Controls Development
The development of Drosophila is orchestrated by the hormone 20-hydroxyecdysone
(20E). Carefully coordinated pulses of 20E, a steroid hormone structurally and functionally
similar to mammalian steroids, bind nuclear hormone receptors to change the pattern of gene
expression in target tissues. These changes allow progress through the three larval instars, third
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instar checkpoints (see section 3.2), wandering behavior, and initiation of pupariation (Warren et
al., 2006; Rewitz et al., 2013).
Production of Ecdysone by the Prothoracic Gland is Controlled by PTTH
The production, release, and action of prothoracicotropic hormone (PTTH) controls
ecdysone secretion from the Prothoracic Gland (PG), and therefore could be responsible for any
ecdysone signaling aberrations. PTTH is produced by a pair of neurosecretory cells in the
Drosophila brain, as opposed to being produced by the corpus allatum as in Lepidoptera. These
cells innervate the PG directly, but surprisingly loss of PTTH does not entirely block the ability
of the animal to develop or release E. Instead, animals lacking PTTH have extended
development, resulting in about one day delay in the third instar, but leaving the timing of the
first two molts relatively unchanged. This results in an overgrowth phenotype, producing
animals that have more cells. This prolonged feeding is a consequence of low ecdysteroid titers
(McBrayer et al., 2007). The developmental phenotype is remarkably similar to what is seen in
the SS population.
PTTH transcripts are produced in an unusual 8hr cyclic period (McBrayer et al., 2007).
controlled by the neuropeptide sNPF from the central brain clock (Selcho et al., 2017). PTTH is
also regulated by pigment dispersing factor (PDF) produced by neurons in the brain whose
axonal terminals signal to the growth coordinating Lgr3 (GCL) neurons. The loss of PDF does
not eliminate PTTH production but changes it to a 12-16hr cycling that is more variable
(McBrayer, 2007) indicating that its circadian control is complex.
The PTTH receptor on the PG, Torso, stimulates the phosphorylation of extracellular
signal-regulated kinase (ERK) through the MAPK pathway whose downstream effector
molecules include Ras, Raf, and MEK (Rewitz et al., 2009). Failure to respond properly to the
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PTTH signal by inhibition of Torso signaling or Ras in the PG attenuates the ecdysone release
that initiates molting, and therfore leads to increased body size and prolonged larval stages,
causing delayed pupariation (Caldwell et al., 2005).
In the adult, other neurons express PTTH and innervate the ellipsoid body in the brain
which is known to regulate walking and flight behavior (Ilius et al., 2007; Martin et al., 2001;
McBrayer et al., 2007) – behavioral phenotypes that are observed to be altered in the SS
population (Brewer, 2013). The presence of PTTH-associated phenotypes in the adult that could
aid starvation resistance lend credence to the possibility that selection on PTTH signaling is a
target of adult starvation selection and these effects carry over into the larval period causing the
developmental delay that is reminiscent of decreased ecdysone signaling.
Recently, this paradigm has been updated to include other signaling cascades that
regulate ecdysone production and secretion beyond PTTH/Torso/Ras. The Ras-activating
receptor Egfr (Epidermal growth factor receptor), activated by its ligands vein and spitz (which
are themselves regulated by ecdysone), appears to contribute more to ecdysone production and
secretion than does PTTH signaling (Cruz et al., 2020). Knockdown of Egfr in the PG results in
a complete failure to pupariate, while Torso-null mutants are just developmentally delayed. See
graphical abstract in Cruz et al., (2020).
Ecdysone signaling feeds back on the PTTH-producing neurons via the Ecdysone
Receptor (EcR) to stimulate the maturation inducing late larval pulse of ecdysone (Christensen et
al., 2020). Loss of EcR in these neurons results in delayed development and overgrowth, similar
to a primary PTTH deficiency that causes ecdysone deficiency associated with third instar
delays, similar to those seen in the SS population.
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Ecdysone Production in the Prothoracic Gland involves many Cytochrome P450 Enzymes
At least nine ecdysteroidogenic enzyme genes have been identified and have been named
the “Halloween genes”. They include noppera-bo (nobo), neverland (nvd), non-molting
glossy/shroud (sro), Cyp307a1/spook (spo), Cyp307a2/spookier (spok), Cyp6t3,
Cyp306a1/phantom (phm), Cyp302a1/disembodied (dib), and Cyp315a1/shadow (sad) (Niwa
and Niwa, 2016). Expression levels of these biosynthesis genes in the PG correlate with
ecdysteroid titers in the hemolymph. Some steps of the pathway remain a black box.
The Ecdysoneless mutant is an example of a severely ecdysone deficient mutant due to
insufficient Halloween gene activity. Ecd-null mutants (truncated proteins) or ecd1 mutants (a
single amino acid substitution) grown at non-permissive temperature have developmental defects
early in the second instar (Garen, 1977). If ecd1 larvae are shifted to the non-permissive
temperature only after the molt to third instar, the effect of ecdysone deficiency in the third instar
can be seen to manifest as larvae that fail to pupariate but remain active for up to three weeks
and reach a total final weight greater than normal larvae (Berreur, 1984). The protein
Ecdysoneless (ecd) interacts with splicing machinery in the cell and is required for the proper
splicing of the ecdysone biosynthesis gene spookier (spok), which when mutated subsequently
results in an ecdysone deficiency (Claudius et al., 2014; Gaziova et al., 2004). Exogenous
feeding of ecdysone can allow these ecd1 mutants to pupariate, indicating that it is the lack of
ecdysone and not the other potential activities of the splicing pathway that has been altered that
result in the developmental arrest. The extended third instar larval period of ecd 1 mutants moved
to the non-permissive temperature is somewhat reminiscent of the SS population life history.
However, since the SS succeed in pupariation, it indicates that there is not a complete loss of
ecdysone biosynthesis or ecdysone signaling which would result in lethality and failure to
pupariate.
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Circulation, Uptake, and Cellular Conversion of E to 20E in Peripheral Tissues
Peripheral tissues convert ecdysone (E) to 20E, have tissue-specific responses in gene
expression (Li and White, 2003), and can also modulate their exposure to the hormone using the
ATP-Binding Cassette (ABC) transporter E23 (Hock et al., 2000). Facilitated diffusion, as
opposed to simple diffusion, is necessary to transport ecdysone into receptive tissues, requiring
the Ecdysone Importer (EcI) (Okamoto et al., 2018).
Ecdysone is converted into its bioactive form 20E by peripheral tissues expressing the
CYP450 enzyme E-20-monooxygenase (E20MO), the product of the gene shade. The fat body
is the major site of E20MO activity (Petryk et al., 2003). Larval starvation reduced shade
expression in the fat body, rendering 20E levels sensitive to nutrition. Knockdown of shade in
the fat body results in growth defects and perturbed expression and release of insulin-like
peptides (ilps) from the insulin producing cells (IPCs) (Buhler et al., 2018) thus linking nutrition
sensing to hormone sensitivity.
Inactivation of Ecdysteroids and Reactivation
Both ecdysone (E) secreted into the hemolymph and hormone converted to 20E in
peripheral tissues can be inactivated by metabolism to other compounds such as 3dehydroecdysone, 3-epiecdysone, 26-hydroxyecdysone, 20,26-dihydroxyecdysone, and other
ecdysone or 20-hydroxyecdysone conjugates (Ohtaki, 1981). Ecdysone oxidase and 3DE-3αreductase, characterized in Bombyx mori, participate in the major inactivation pathway which
oxidizes Ecdysone to 3-dehydroecdysone and 3-epiecdysone in insects (Sun et al., 2011). Some
conjugates of ecdysone are reversible in nature and can potentially be reactivated, as shown in
other insects (Moribayashi and Ohtaki, 1980).
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Conversion of E to active 20E or to inactive 26E
Ecdysone released into the hemolymph is rapidly and efficiently metabolized to 20E
(Petryk et al., 2003) or the inactive form 26E (Williams et al., 2000; Kayser et al., 1997). 26E
hydroxylase is encoded by the gene Cyp18a1, expressed in many tissues (Guittard et al., 2011).
There is also indirect evidence of reversible phosphorylation controlling the activity of 26E
hydroxylase, which would allow for rapid activation and deactivation of enzymatic activity
(Williams et al., 2000).
Using reverse phase high pressure liquid chromatography (RP-HPLC) and differential
radioimmunoassay (RIA) to measure levels of various ecdysone metabolites, Warren et al.
(2006) interpreted their data as noticeable “alternating and discrete” pulses of 20E and 26E. But
further, the 20E-lowering activity of the 26-hydroxylase Cyp18a1 during the prepupal to pupal
transition is a prerequisite to induce the development-regulating transcription factor βFTZ-F1,
controlling the genetic hierarchies that control the early processes of metamorphosis (Rewitz et
al., 2010), thus underscoring the ability of hormone metabolism and inactivation to control
developmental timing independent of hormone production or circulation.
20E Controls Developmental Gene Expression through EcR/Usp
20-hydroxyecdysone (20E) regulates development by controlling gene expression of
transcription factors and other ecdysone-inducible genes. 20E binds to a nuclear hormone
receptor heterodimer Ecdysone Receptor / Ultraspiracle (EcR/Usp) that translocates to the
nucleus from the nuclear membrane and binds to Ecdysone Response Elements (ERE) to
upregulate transcription of downstream genes. In the absence of 20E, EcR/USP can be found
bound to EREs acting as a negative regulator of gene transcription.
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One mechanism by which growth coordinates maturation is by the nutrient-responsive
transcriptional machinery for EcR/USP (Xie et al., 2015). CycC and Cdk8 are required
transcriptional co-factors for EcR/USP, absence of which can thus inhibit SREBP (which
controls the expression of many lipolysis genes) and result in fat accumulation (Xie et al., 2015).
Cdk8 and CycC mutants are abnormally fat and have severely delayed pupariation, which is
similar to the SS population.
Canonically, the nuclear receptor heterodimer EcR/USP is known to activate or repress
transcription of target genes in the presence or absence of ecdysone, respectively. Johnston et al.
(2011) found a different mechanism in the salivary glands where in the absence of ecdysone,
EcR/USP translocated out of the nucleus and into the cytoplasm, therefore not blocking
transcription, but allowing E75A to bind to the target site and block transcription of some target
genes including the EcR gene (See Fig. 1C in Johnston et al., 2011). This occurs at the larval to
pupal transition, and while only described in the salivary glands, could implicate the presence of
this or alternative mechanisms in different tissues that are as of yet undescribed in their response
to ecdysone at this transition period.
Ecdysone signaling networks are extensive and nuanced. About 12% of the Drosophila
genome is ecdysone-responsive. Despite the demonstrated importance of EcR, its isoforms, and
regulatory inhibition of targets in the absence of hormone, about half of these genes do not
require the receptor (Davis and Li, 2013).
Gene cascades typify ecdysone signaling. The genes transcribed first, such as E75 and
EcR, are called the “early” genes and are themselves prominent transcription factors for
developmental processes. The upregulation of EcR from the basal level is required for the
transcription of the delayed early genes such as DHR3 and E78B (Horner et al., 1995).
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Ecdysone Pulses are Shaped in Amplitude and Duration by Positive and Negative Feedback
Loops to Ensure Correct Development
Upregulation of EcR in the steroidogenic tissues results in increased ecdysone signaling
that can further upregulate ecdysone synthesis (Moeller et al., 2013). This is a part of the
positive feedback loop of ecdysone signaling. There is also a negative feedback loop that
attenuates the pulse, and correct developmental progression requires pulses that are temporally
defined. Pupae that do not terminate the ecdysone pulse die in the prepupal stage (Rewitz et al.,
2010). This is mediated by a transcription factor induced by ecdysone, Broad (Br), that utilizes
multiple isoforms to shape the timing, duration, and amplitude of the ecdysone pulse. Switching
the isoform from Br-Z4 to Br-Z1 transitions from the positive feedback loop that mounts the
pulse to the negative feedback loop that attenuates it. Expression of Br-Z1 prevents the
production of the late third instar high-level ecdysone molting peak by transcriptionally silencing
ecdysone biosynthetic genes (Moeller et al., 2013). Therefore, disfunction of this isoform
switching can result in ecdysone deficiency in the prothoracic gland (PG) that results in an
approximately one-day delay to pupariation that is accompanied by a slight overgrowth
phenotype (Moeller et al., 2013). This phenotype is very similar to the one-day extended
development of the SS population with slight overgrowth, and therefore isoform switching that
favors the negative feedback of ecdysone signaling could potentially underlie the phenotype.
Stage-specific isoforms are known to control development. αFTZ-F1 and βFTZ-F1 are
isoforms of a nuclear hormone receptor that activate the Drosophila segmentation gene fushi
tarazu (ftz). αFTZ-F1 isoform is expressed during early embryogenesis (Lavorgna et al., 1993).
βFTZ-F1 is only expressed when ecdysone and EcR decrease (Woodard et al., 1994). βFTZ-F1
null animals can successfully pupariate, but after the pupariation pulse subsides in early-prepupal
development, βFTZ-F1 is derepressed, and is then required for proper response to ecdysone
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signaling (Broadus et al., 1999). Mutants show defects in the prepupal–pupal transition
characterized by head eversion, leg elongation, and salivary gland death. 20E signaling in the fat
body during metamorphosis controls cell dissociation and fat body remodeling through βFTZ-F1
and Matrix metalloproteinase 2 (MMP2) (Bond et al., 2011). SS larvae pupariate with more fat,
but also eclose as adults with more fat in a fat body that has not completely dissociated, which
may be evidence for altered 20E signaling or βFTZ-F1 in the fat body of the SS population.
Existing mechanisms in nature demonstrate that isoform regulation could underlie the SS
phenotype and βFTZ-F1 and its isoform regulation might be particular candidates of study for
future work.
Secondary Metabolites Modulate Ecdysone Signaling
Nitrous Oxide (NO)
The diatomic diffusible gas nitrous oxide (NO) is produced by NO synthetase (NOS) in
the prothoracic gland (PG) and is required for initiation of metamorphosis. Removing NOS from
the PG also results in the giant permanent larvae phenotype that is associated with third instar
ecdysteroid deficiency (Berreur et al., 1984, Gibbens et al., 2011) that can be rescued by
ecdysone feeding. NO was found to bind directly to E75, a heme-containing nuclear receptor
(Cáceres et al., 2011). NO production in the PG allows the expression of βFTZ-F1 by binding
directly to E75 to inhibit its negative regulation of DHR3, allowing DHR3 to induce βFTZ-F1
and subsequently results in ecdysteroidogenesis. As reviewed in Yamanaka and O’Connor
(2011), circulating 20E actually induces E75 but inhibits NOS in peripheral tissues, allowing
E75 to negatively regulate DHR3’s function of activating βFTZ-F1. However, when the 20E
titer declines, NOS activity resumes and E75 is inhibited which allows DHR3 to activate βFTZF1 resulting in metamorphosis specifically after the 20E titer has gone down. Therefore, NOS is
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a part of the negative feedback loop of ecdysone signaling that is required for proper initiation of
metamorphosis. Without NOS, the ecdysteroid titer never dips down so that the next cycle can
be initiated and thus hormone production is dysregulated from its tightly controlled amplitude
and duration, resulting in a phenotype that resembles ecdysteroid deficiency and our SS
population.
Reactive Oxygen Species (ROS)
Reactive oxygen species (ROS) are mistakenly regarded as exclusively being dangerous
and unwanted byproducts of metabolism, but there is mounting evidence of their use as signaling
and regulatory molecules important to normal development (de Magalhaes and Church, 2006).
ROS have been shown to paradoxically upregulate lifespan, for example, through mitohormesis
(Ristow, 2014). Also, ROS have been implicated in regulating development in addition to aging
(Stefanatos et al., 2012).
The ROS hydrogen peroxide (H2O2) has been shown to increase in cytosolic (but not
mitochondrial) concentration in a patch of anterior fat body in wandering non-feeding larvae but
not in feeding larvae (Albrecht et al., 2011) implying that oxidative state of certain subcellular
compartments and specific tissues is associated with development. This mechanism might
provide a distinct method to evaluate the ROS state of the SS without genetic aberration.
The gene dj-1β (an ortholog of human PARK7, related to Parkinson’s disease) has been
shown to protect against peroxide damage. Interestingly, loss-of-function mutants for the gene
dj-1β show accelerated development and wander earlier than laboratory wildtype controls
(Stefanatos et al., 2012). This may be due to an increased amount of H 2O2 that triggers
wandering behavior early. The dj-1β mutants also display alterations in the insulin signaling
pathway which could contribute to a change in development time. Specifically, an upregulation
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of the Drosophila insulin-like peptide 3 (dilp3, characteristic of the larval to pupal transition;
Slaidina et al., 2009) most likely caused by a compensatory effect in response to the down
regulation of dilp2 and dilp5 (Broughton et al., 2008) by c-Jun N-terminal kinase (JNK) due to
oxidative stress (Karpac et al., 2009), might accelerate pupariation.
An RNAseq screen of the fat body of the starvation-selected populations (the three
independent biological replicates) identified the gene dj-1β as being more upregulated in SS
white pre pupae (WPP) as compared to FC WPP (Hardy, 2016). This evidence may recommend
the need for future experiments on redox state, oxidative stress resistance, and insulin signaling
in the SS population. Increased dj-1β expression may reduce H2O2 signaling and suppress the
down regulation of dilp2 and dilp5 by oxidative stress that leads to an increase in ilp3 associated
with the transition to the non-feeding wandering state and pupariation. It may have been selected
for in the SS populations by its correlated ability to improve starvation resistance and oxidative
stress resistance. Additionally, dj-1β loss-of-function mutants have increased mitobiogenesis
and decreased respiration. Since SS WPP show increased dj-1β expression, but adults have been
shown to have decreased metabolic rate as measured by respiration, the transcriptomic data does
not support a clear relationship to the SS phenotype. Still, since mitochondrial fission is a
process that is conserved between flies and humans (Guo, 2012), future experiments to
understand the role that dj-1 β is playing in the SS flies might illuminate the relationship between
obesity, insulin perturbations, and brain disease in humans.
Ecdysone Regulates Body Size and Allometry
Ecdysone suppresses growth rate of the body while promoting growth of imaginal discs
(Delanoue et al., 2010). Reduced ecdysone reaching the discs in mid third instar reduces
imaginal disc size and results in smaller adults with fewer cells. It does this without affecting
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dilp production or secretion, but rather a negative growth regulator downstream of IIS and Tor,
via Thor/4EBP (Herboso et al., 2015).
2.2.2 Juvenile Hormone Regulates Development
Other hormones regulate ecdysone signaling and production and could result in a
phenotype that resembles the extra day of development of the SS flies. Juvenile hormone (JH) is
a sesquiterpenoid (lipophilic, terpene-like C15 molecule) that regulates metamorphosis
(Kayukawa et al., 2012) and nutritional regulation of juvenile body growth (Lee et al., 2018;
Mirth and Shingleton, 2014). Despite what its name suggests, JH also plays a key role in adult
phenotypes such as reproduction, diapause, and innate immunity (Gruntenko and Rauschenbach,
2008; Flatt et al., 2008). JH has much more well-defined roles in Lepidoptera that often do not
apply to Drosophila, a Dipteran. Despite the difficulty of translational research, JH in
Drosophila has become an important topic because of the many systems and processes it
interacts with. Here I will cover its interaction with ecdysone in relation to development and
phenotypes that resemble the SS population.
Juvenile Hormone is Required for Normal Larval Development
JH is needed in early larval stages to prevent precocious pupariation as its absence results
in premature pupariation of small animals that die as premature pupae (Liu et al., 2018;
Danielsen et al., 2016). JH controls the larval growth rate, as larvae lacking JH pupariate at
smaller sizes, but do not have a change in larval growth period duration or timing of pupariation
(Mirth et al., 2014). An absence of JH suppresses the IIS in a manner dependent on forkhead
box, sub-group O (FOXO). In complex with USP, FOXO participates in the repression of
ecdysone biosynthesis genes both during the ecdysone negative feedback loop and larval
starvation.
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Variations of the main active JH, JH III, such as the precursor methyl farnesoate (MF)
and the alternate form bisepoxyJH-III likely play an important role regulating puparium
formation (Jones et al., 2013).
The Juvenile Hormone Receptor
Methoprene, a pest remediation chemical that prevents insect metamorphosis, does so by
mimicking JH signaling, and is otherwise known as a Juvenile Hormone Analog (JHA). The
receptor for this was first characterized in Lepidoptera, where upon gene knock-out, methoprene
application no longer prevented pupariation, giving rise to the name Methoprene-tolerant (Met)
for the bHLH-PAS protein receptor. Knock-out of Met in Drosophila, however, did not rescue
the effects of methoprene application, leading to some confusion about the legitimacy of Met as
the JH receptor in Drosophila.
USP was proposed as another candidate receptor for JH (Jones and Sharp, 1997; Jones et
al., 2013). The crystal structure of USP showed a closed conformation of the receptor with a
hydrophobic pocket bound to a lipid that is likely similarly shaped to its natural ligand (Clayton
et al., 2001). USP is hypothesized to be a “silent” partner in the heterodimeric receptor
complexes that it can form. This is in line with new evolutionary insights that propose Met can
complex with USP to regulate activity of other heterodimers such as EcR/USP (Bitra and Palli,
2009).
A paralog of Met called germ cell-expressed (Gce) was discovered that could explain
how Met- strains of Drosophila were still sensitive to the effects of methoprene. Gce was found
to bind to JH and its precursor methyl farnesoate (MF) and activate gene transcription in the
presence of ligand, solidifying its role as a JH receptor (Jindra et al., 2015). Met is expressed in
the imaginal discs while both Met and Gce are expressed in larval tissues such as the fat body
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and the ring gland (Baumann et al., 2017). Met/Gce signal through Ftz-F1 (Bernardo and
Dubrovsky, 2012).
Juvenile Hormone Crosstalks with the Ecdysone Signaling Pathway to Regulate Development
High JH signaling in the PG results in low amplitude ecdysone pulses of normal timing
that result in an overgrowth phenotype and impaired pupal to adult transition (Mirth and
Shingleton, 2014). Theoretically, high JH signaling confined to the larval period may resemble
the SS phenotype. See Fig. 5 in Liu et al. (2018).
A primary JH response gene, Krüppel homolog 1 (Kr-h1) is a zinc-finger transcription
factor that antagonizes 20E signaling and acts as an antimetamorphic fator. Reduction of Kr-h1
in the PG alone is enough to trigger precocious metamorphosis. JH signaling via Kr-h1 represses
ecdysone biosynthesis in the PG by influencing autoregulation of ecdysone steroidogenesis by
downregulating EcR, Br-C, E75, and E93 and by reducing PG size, a critical factor in the
ecdysone biosynthesis positive feedback loop(Liu et al., 2009; Mirth et al., 2005).
JH signaling is also reciprocally antagonized by 20E signaling. 20E signaling rises in the
corpus allatum (CA) and inhibits production of JH, sharply reducing the JH titer in the third
instar to allow for metamorphosis (Liu et al., 2018). Failure of 20E signaling in the CA to
suppress JH signaling may result in prolonged larval development.
Feeding 20E to larvae throughout development can moderately speed up their time to
pupariation, shortening their terminal growth period. However, feeding larvae exogenous
ecdysteroids in the form of E, ecdysone, as opposed to 20E, can trigger the pupariation of larvae
at or before their minimum viable weight. As JH is responsible for regulating tissue response to
ecdysteroids to prevent premature pupariation, this indicates a differential interaction between JH
and E vs 20E. Larvae become susceptible to the precocious pupariation-promoting effects of E
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about the time they attain minimum viable weight. JH titers begin to decrease around this time
as well. Application of a JH analog was able to rescue the effects of exogenous E application
(Ono, 2014). Therefore, JH has the ability to suppress precocious metamorphosis from the
activity of E, a metabolite previously believed to be inactive, ensuring that larvae reach their
minimum viable weight.
JHA application in Lepidoptera versus Diptera
In Lepidopterans like the silkworm Bombyx mori or the tobacco hornworm Manduca
sexta, JH has been well studied and described as the “status quo” hormone in that it maintains
larval to larval molting and prevents the larval to pupal molt. The application of JH mimetics or
analogs (JHAs) to Manduca maintains the larval stage or results in larval-pupal intermediates
depending on the development of the larvae at the time of application (Nijhout, 1975). In other,
more basal, orders such as Hemiptera, JH application to embryos or to fifth instar larvae (in
higher concentrations) can induce a supernumerary molt to a sixth and sometimes seventh larval
stage (Riddiford, 1970). The same does not occur in Drosophila. In fact, JHA application to
Drosophila does not change the timing of pupariation, but does inhibit the pupal to adult
transition, resulting in pupal lethality (Riddiford and Ashburner, 1991).
While simple alteration of JH titer via JH or JHA application may not result in a
phenotype that resembles the SS population, there are certain downstream aspects of the JH
signaling pathway that are candidate systems that might. Feeding JH can postpone expression of
Broad by 12hr (Riddiford et al., 2003). As discussed previously, Br is required for ecdysoneinduced gene activity at metamorphosis and is expressed in the last instar (Karim et al., 1993;
Riddiford et al., 2003). Therefore, the reduction of JH may regulate metamorphosis by
permitting Br expression.
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JH Signaling can Downregulate the Ecdysone Positive Feedback Loop
In cell culture, JH can block some 20E inducible genes with a certain 5' sequence (Jones
et al., 2012), thus toning down and negatively modulating the ecdysone cascade and the positive
feedback loop of ecdysone signaling. Further, larvae that overexpress a major JH downstream
effector molecule, Krüppel homolog 1 (Kr-h1), in the PG during mid-third instar subsequently
fail to pupariate but instead remain larvae for up to two weeks and display an overgrowth
phenotype (Liu et al., 2018). The authors found that Kr-h1 downregulates the positive feedback
loop of ecdysone biosynthesis by suppressing 20E signaling in the PG by downregulating EcRB1, Br-C, and E75. Kr-h1 expression in the PG also reduces PG size in a 20E-independent
manner, and PG size is well known to affect steroidogenesis (discussed elsewhere in this text
including 3.2.1). Therefore, even though in previous experiments exogenous JH or JHA
application could not prevent pupariation, expression of a JH-responsive transcription factor in
the target tissue of JH could.
Additionally, JH can prevent premature pupariation and rescue the subsequent
undergrowth phenotype caused from the feeding of E but not from feeding 20E, indicating that
the roles of JH are different for different hormone metabolites that each have unique roles (Ono,
2014). Taken together, via reducing sensitivity to E and downregulating the ecdysone positive
feedback loop, JH can regulate the timing of metamorphosis by a mechanism that resembles
reduced ecdysone signaling. This highlights the complex and little-understood roles of JH
signaling in larval development and reveals that a small alteration in the JH pathway may
postpone pupariation in an ecdysone-dependent manner that resembles the phenotype of the SS
population.
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JH Signaling can Upregulate the Ecdysone Negative Feedback Loop
JH and 20E share some of the same targets. E75A expression is not only induced by 20E
(as was previously discussed in the regulation of metamorphosis by NO) but is also activated by
JH via FTZ-F1 acting as a competence factor (Dubrovsky et al., 2011). As E75A blocks
transcription of some target genes including the EcR gene, JH can reduce ecdysone signaling via
EcR by activating the negative feedback loop.
How JH Antagonizes 20E in Lepidoptera
It is not clear how well research on JH in Lepidopterans may translate to Drosophila, but
it can provide a framework of existing knowledge with which to evaluate the SS population
phenotype for clues. In Lepidopterans, JH modulates 20E via phosphorylation of a Broad
isoform BrZ7, and exogenous JH induced BrZ7 phosphorylation to prevent metamorphosis by
suppressing 20E-related gene transcription and activating the JH pathway (Cai et al., 2014). In
Drosophila, Broad-Complex (Br-C) is an early ecdysone response gene that encodes a family of
DNA-binding proteins that coordinate metamorphosis (Karim et al., 1993). JH has been shown
to be required to repress Broad during early larval stages in Lepidopterans (Nijhout, 2003).
In Manduca, there is evidence that nutrient intake (which promotes insulin signaling)
overcomes JH’s inhibitory effect on the expression of Broad (a pupal commitment factor) to
allow pupariation. Feeding final instar larvae sugar or bovine insulin increased expression of
Broad (a pupal commitment factor) but did not have this effect in penultimate fourth instar larvae
that were not yet competent to undergo metamorphosis (Koyama et al., 2008).
Expression of different EcR isoforms at different times and tissues through development
is controlled by JH signaling through Met, but not Gce. This also indicates that the receptors are
not fully redundant. Loss of JH signaling or in Met mutants results in premature EcR isoform
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switching that causes improper development due to the premature exposure of hormone through
the EcR-B1 isoform (Riddiford et al., 2010).
JH Signaling may be Upregulated by Inhibiting JH Metabolism and Degradation
The enzyme Juvenile Hormone Esterase (JHE) is produced in the fat body and can
inactivate JH. Inhibiting JHE by application of the chemical O-ethyl-S-phenyl
phosphoramidothiolate (EPPAT) to Manduca last-stage larvae delayed pupariation by 2-4 days
(Sparks et al., 1983). This delay of pupariation upon the inhibition of JHE is also observed in
other Lepidopterans (Trichoplusia ni), Coleopterans (mealworm beetles), and the Dipteran,
Musca domestica (Sparks and Hammock, 1980). In Drosophila virilis, blocking JHE by using
the esterase-inhibiting chemical paraoxon inhibits metamorphosis, presumably by raising JH
titer, causing some larvae to persist for 7 days (whereas controls pupariate in 15-20hrs) and to
display an overgrowth phenotype (Rauschenbach et al., 1995). It is interesting to note that while
JH in the wandering and pupal stages is degraded by JHE via ester hydrolysis into Juvenile
Hormone Acid (JHA) to be conjugated and excreted, a different enzyme is primary for JH
clearance via epoxide hydration to Juvenile Hormone Diol (JHD) in the early larval stages (De
Kort and Granger, 1981; Rauschenbach et al., 1995). The existence of the two systems would
allow JHE to become a target of selection in our SS population while not disturbing the
regulation of JH in the early larval stages.
Addition of JH or JH Analogs
Adding a JHA to wildtype flies decreases their starvation resistance but removing the
corpus allatum (CA) via genetic CA knockout did not significantly increase starvation resistance
(Yamamoto et al., 2013). JHAs may not have the same antagonism of ecdysteroid receptor
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activity as does native JH, as revealed by cell culture experiments, which may explain how
different experiments may yield opposing results (Soin et al., 2008).
2.2.3 Insulin/Insulin-like Signaling Regulates Growth and Hormonal Development
Insulin controls the timing and onset of metamorphosis through control of body and
organ size, regulation of steroidogenesis, sensitivity to hormones, and crosstalk with hormone
signaling. It also controls metabolism and response to nutrition, placing it at the nexus between
development and starvation resistance.
Drosophila insulin-like peptides (dilps) signal through the cellular membrane insulin
receptor (InR). The insulin receptor (InR) is a tetramer composed of two α and two β subunits,
much like the mammalian receptor (Chen et al., 1996). Its substrate chico activates
phosphatidylinositol 3-kinase (PI3K) and results in the downstream activation of both Akt and
TOR (Nässel et al., 2015). It is important to note that the IIS controls systemic growth, and this
is not just a function to help cells take up circulating blood sugars. The IIS integrates signals and
stimulates growth in response to protein and can regulate protein usage. A decrease in IIS causes
a decrease in translation (Essers et al., 2016). Many inputs inform the IIS about amino acid
levels, but one direct substrate of chico, PI3K, also happens to be sensitive to amino acid levels
(Britton et al., 2002).
Drosophila insulin-like peptides are ligands of InR. There are currently eight identified
dilps (dilps1-8) which resemble mammalian insulin, insulin-like growth factors (IGFs), and
relaxins (Brogiolo et al., 2001; Colombani et al., 2012; Garelli et al., 2012). They are usually
made up of two chains with conserved disulfide bridges. Usually, the prohormone is cleaved and
co-circulated, but it is left intact for the relaxin-like dilps. Dilps, apart from dilp6 and dilp8, are
produced and secreted by a cluster of cells in the pars intercerebralis of the brain, known as
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median neurosecretory cells (mNSC) or insulin-producing cells (IPCs) and some ilp transcripts
are also found in the gut (Cao and Brown, 2001).
Different dilps can both compensate for and synergize with each other. Dilp3 is sensitive
to dietary carbohydrate (Rovenko et al., 2015) and is required for normal expression of dilps 2
and 5 in the IPCs, which seem to have partially redundant functions with each other (Broughton
et al., 2008). Dilp6 is secreted by the fat body as is needed to sustain growth during periods of
non-feeding such as the wandering stage and the pupal period (Okamoto et al., 2009; Slaidina et
al., 2009), and can repress secretion of dilp2 (Bai et al., 2012). Dilp7 is a relaxin-like peptide
that regulates appetite, triglycerides, and egg laying (Semaniuk et al., 2018). Dilp8, another
relaxin-like peptide, is expressed in the imaginal discs in the larva (Colombani et al., 2012;
Garelli et al., 2012) and ovaries of adult females (Gontijo and Garelli, 2018).
Insulin Receptor
Whole body InR mutants show delayed development and pupariate with small imaginal
discs and eclose as small adults due to a reduced rate of cell proliferation (Chen et al., 1996;
Shingleton et al., 2005). The developmental delay results from delayed attainment of critical
weight, but reducing InR signaling after CW does not delay development time but only reduces
final adult size and organ size (Shingleton et al., 2005). InR mutants are proportionally smaller,
but also have increased fat stores (Brogiolo et al., 2001). This is indicative of a failure of the
cells to uptake circulating energy, thus resulting in accumulation of fat, which is analogous to
human Type I Diabetes.
All dilps bind to a single insulin receptor (InR) and have growth promoting effects.
Dilp8 has also been determined to bind to other receptors and it is likely that at least some of the
other dilps, such as dilp7, also have other targets. The mechanism by which individual dilps
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elicit tissue-specific responses is likely in part due to variation in the InR isoform(s). There are
four identified polypeptides generated from the InR gene by cell-specific proteolytic cleavage
(Fernandez et al., 1995).
The Prothoracic Gland Integrates IIS with Ecdysone Production
Systemic low IIS in the PG results in larval overgrowth due to delayed ecdysone pulses
of normal amplitude over a longer growth period (Mirth and Shingleton, 2014). Increased IIS,
within the PG can advance the onset of metamorphosis via precocious ecdysone production
(Walkiewicz and Stern, 2009).
Insulin release from the IPCs of the brain controls PG size. When the PG is growthrestricted by the inactivation of insulin signaling in whole larvae, it can extend the larval period
by delaying PTTH release in order to allow time for the larvae to reach the same final body size
(Shingleton et al., 2005). When PG growth is restricted by the inactivation of insulin signaling
in the PG only, the PG delays PTTH release and extends larval development, but the rest of the
organism can still respond to the growth-promoting effects of insulin, resulting in larger final
body size (Mirth et al., 2005).
Insulin signaling in the PG controls commitment to metamorphosis by regulating the
production of ecdysone by controlling ecdysone biosynthetic gene transcription. In the fed state,
insulin signaling in the PG causes phosphorylation of forkhead box, sub-group O (FOXO)
transcription factor, which excludes it from the nucleus. However, in the starved state,
unphosphoylated FOXO can translocate to the nucleus and complex with Ultraspiracle (USP) to
co-repress ecdysone biosynthetic genes in the PG. Thus, nutrition sensing, particularly of amino
acids by the fat body, controls the biosynthesis of ecdysone in the PG at critical weight via
FOXO-Ultraspiracle in an insulin-dependent manner. Overexpressing FOXO and USP
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specifically in the PG can delay critical weight attainment by 13hrs and increase the mass of
critical weight by 1mg (Koyama et al., 2014).
Neuropeptide F Receptor negatively regulates insulin signaling in the PG to reduce
ecdysone biosynthesis (Kannangara et al., 2019). It also independently promotes feeding and
wakefulness (Chung et al., 2017). There is a growing awareness of the role of neuropeptides in
feeding behavior and IIS modulation (Hergarden et al., 2012; Schoofs et al., 2017; Zandawala et
al., 2018). Further, the IIS independently regulates axonal growth (Li et al., 2014), which could
potentially lead to changes in behavior that persist into adulthood (Blackiston et al., 2015; Tully
et al., 1994).
Dilp6 Promotes Growth in Non-Feeding Stages
Dilp6 is an insulin-like growth factor responsive to ecdysteroids that is required to
promote growth during non-feeding stages such as the wandering stage and the pupal period
(Okamoto et al., 2009; Slaidina et al., 2009). Lack of IIS during these stages results in a
reduction of cell number. Dilp6 activity is not required in early larval stages for normal growth,
and transcripts only start accumulating in the wandering stage. JH, which peaks before the onset
of wandering, positively regulates Dilp6 expression (Yamamoto et al., 2013). Dilp6 negatively
regulates the JH level by increasing hormone degradation (Rauschenbach et al., 2017).
Therefore, Dilp6 and JH participate in a feedback loop to regulate development.
During starvation, dilp6 can selectively upregulate IIS in the oenocytes (hepatocyte-like
cells that produce long chain fatty acids and cuticular hydrocarbons that are indicative of sex and
species), demonstrating that various dilps can specifically target different tissues to respond to
environmental conditions (Chatterjee et al., 2014).
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Dilp8 from Imaginal Discs Signals Growth Status to Coordinate Developmental Timing
Normal expression of dilp8 is required to coordinate growth that maintains symmetry and
allometry (the relative sizing of body parts) (Garelli et al., 2012). Dilp8 is a relaxin-like secreted
peptide whose transcript levels peak at the transition from second to third larval instar and are
maintained during early third instar, suggesting that reduction in levels of dilp8 is required for
progression to metamorphosis. Ectopic expression of dilp8 can delay pupariation by 2-3 days
(Colombani et al., 2012).
Dilp8 produced autonomously by imaginal discs signals to a bilateral pair of neurons in
the brain called growth coordinating Lgr3 (GCL) neurons through the receptor Lgr3 (Garelli et
al., 2015). These neurons make physical contacts to the PTTH producing neurons that
downregulate production of PTTH (Colombani et al., 2015). PTTH controls the production and
release of the maturation hormone ecdysone by regulating transcription of ecdysteroidogenic
enzymes (McBrayer, 2007). Imaginal disc size controls the expression of dilp8, which remotely
signals to the GCL neurons in the brain via Lgr3 to suppress production of PTTH, and
subsequent production and release of ecdysone, thus prohibiting pupariation until the imaginal
discs reach an appropriate size (Boone et al., 2016; Garelli et al., 2015).
Injury to the imaginal discs (organized clusters of cells that will proliferate and become
the adult tissues) results in a developmental delay. The injured discs secrete dilp8 in order to
slow the growth of other normal imaginal discs to maintain organ allometry. Dilp8 secretion by
injured or slow-growing imaginal discs in early larval development triggers development delays
and reduced ecdysteroid titers by reducing PTTH secretion (Garelli et al., 2012; Colombani et
al., 2012), but older larvae are less susceptible to these effects. The mid-L3 transition was
determined as the turning point between the response of delay or no delay due to injury
(Hackney et al., 2012).
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Dilp8 acts in the PG via NOS repression of ecdysone biosynthetic genes to reduce the
basal ecdysone titer responsible for imaginal disc growth. This prevents the overgrowth of
uninjured discs while the repair of the injured disc occurs. Dilp8 also delays development
through a different mechanism that is independent of NOS (Jaszczak et al., 2015).
Dilp8 secretion by injured or slow-growing discs is required to prevent overgrowth of
uninjured discs and a subsequent loss of symmetry and body allometry if growth of the uninjured
discs is not curtailed while the injured disc undergoes repair. Injured tissues can pause the
development of unaffected tissues to maintain body allometry through Jun kinase’s regulation of
Hippo (Hpo) signaling which activates Yorkie (Yki), a pathway thought to assess organ growth
(Sun and Irvine, 2011). Expression of dilp8 is regulated by the Hippo signaling pathway, as it
was found that the transcriptional co-activators Yorkie (Yki) and Scalloped (Sd) are required to
bind to the Hippo-Responsive Element (HRE) for dilp8 transcription (Boone et al., 2016). Dilp8
therefore regulates the onset of metamorphosis by coupling growth to maturation.
InR Signaling Relates Reduced Fecundity and Increased Starvation Resistance
InR mutants have JH deficiency (Tatar et al., 2001) and reduced ovarian ecdysteroid
production (Tu et al., 2002). Downstream InR signaling through its substrate protein chico is
required for oocytes to mature into the vitellogenic stages (Richard et al., 2005) and fecundity is
therefore dramatically reduced (Adonyeva et al., 2017).
Insulin-Binding Proteins and IIS Regulators that Alter Development Time
Imaginal morphogenesis protein-Late 2 (Imp-L2) is secreted by cells in the brain, the ring
gland, the gut, and the fat body, and endogenous overproduction leads to delayed development.
Secreted Imp-L2 binds to dilps 2 and 5, sequestering them, and acting as a negative regulator of
growth and IIS signaling (Alic et al., 2011), thus delaying pupariation (Sarraf-Zadeh et al.,
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2013). Imp-L2 and Drosophila acid-labile subunit (dALS) secreted by the fat body form a
trimeric complex with dilp2, sequestering it, thus decreasing the sensitivity to hyperinsulinemia
to promote survival (Honegger et al., 2008), perturbation of which results in an overgrowth
phenotype.
A negative feedback loop exists where high amounts of circulating dilps, a condition
called hyperinsulinemia, cause InR to be downregulated at the transcription level, resulting in
insulin insensitivity and a reduction in signaling through InR (Morris et al., 2012). This is
similar to human Type II Diabetes.
Torso-like (Tsl) is a regulator of insulin signaling that extends larval development time
when mutated. It is secreted into the hemolymph from the PG and regulates growth and
developmental timing via the insulin signaling pathway in a manner that resembles a whole-body
reduction of insulin signaling, which means a reduction in body size (Henstridge et al., 2018).
Potential mechanisms of action include interaction with InR, or action on dilp secretion either
directly or via a fat body-derived intermediary signal. However, Tsl mutations cause a milder
growth restriction and metabolism impairment as compared to chico mutants.
Larval nutrition regulates growth and development systemically through IIS. The IIS
interacts with the interwoven networks of Ecdysone and JH to control development time and
body size. Deciphering the details of the SS developmental phenotype, including larval growth,
will provide evidence for the mechanism of developmental delay that is a consequence of
starvation selection.
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2.3

Methods

Starvation Selection Regime
We studied populations of D. melanogaster that have been selected for starvation
resistance since 2007. The experimental evolution regime involves starving outbred, genetically
heterogeneous adult flies until only approximately 20% are left alive or for fourteen days. The
surviving flies are reintroduced to food and allowed to recover before their eggs are collected to
seed the next generation that will undergo the same process. The control and experimental
populations in this experiment originated from wild caught, outbred female flies collected in
Terhune, New Jersey in 1998. Starvation-Selected (SS) and Fed Control (FC) populations have
been kept in triplicate as independent biological replicates (A, B, and C). All lines have been
handled in parallel and kept in large numbers of about 10,000 individuals per population. The
three separate Fed Control populations always have access to food. The three separate
Starvation-Selected populations have access to food during their larval development but are then
starved after a few days of adulthood on agar-only media that provides water but no nutrition. At
the start of the experiment, mean starvation survival time for all six populations was about 3
days. After 130 generations of selection, Starvation-Selected populations survive for an average
of 10 days without food with some individuals surviving for 19 days. Fed Control populations
still display a survival time of 3 days without food. The SSA replicate has a higher mean
starvation resistance for females (10.5 days) than the other replicates SSB (8.2 days) or SSC (8.5
days). Therefore, only SSA and the Fed Control replicate “A” (FCA) were used for the
experiments and will be referred to simply as Starvation-Selected (SS) and Fed Control (FC).
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Animal Housing
Adult flies from the inbred laboratory strain Canton S and the Starvation-Selected and
Fed Control populations one generation removed from selection (F1) were housed in large
plexiglass cages with several thousand individuals. These animals were maintained in an
incubator at 25°C with 24hr light and ambient humidity (approximately 25-45%). A dish with a
cotton ball soaked with water was also maintained inside the cage to provide additional humidity
and an extra water source.
Egg Collection and Staging Larvae at Hatching
A molasses agar petri dish (10% molasses and 3.4% agar) with yeast paste
(approximately 1:1 dry active yeast mixed with water) was given to the cages to condition the
adults for egg laying with this nutrient-rich food for 24-48hrs. This “priming” period increases
egg production and habituates the animals to the new egg laying substrate. To collect eggs,
10cm diameter molasses agar plates with yeast paste were presented in four-hour intervals
resulting in cohorts of F2 eggs. These dishes were kept at 25˚C under 24hr constant light and
ambient humidity (25-45%) as described above. About 21hrs later, any early-hatching larvae
were cleared from the molasses agar plates. One hour later, newly hatched larvae were collected
for one hour at low density in groups of 25 (Baldal, 2005) and placed into vials of food and then
aged in an incubator at 25˚C under 24hr constant light and ambient humidity. At the time of
collection, these animals were 1±1hr after larval hatching (ALH).
Larval Staging Assay (L1-L2 and L2-L3 molt)
In one-hour intervals during expected molting periods between larval instars, vials of
larvae collected in the manner above had their food plug pulled out onto a dish under a dissecting
microscope, and as many animals as could be collected in about ten minutes were then scored by
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their developmental stage. This was repeated for each population. The morphology of the
mouth hooks and the anterior spiracles was used to assess the larval stage. The transitions
between larval instars are defined by the time at which 50% of the cohort has molted to the later
instar.
Wandering, Pupariation, and Eclosion Assays
Vials of larvae collected in the manner above (±1hr old) were left unperturbed and were
used to visually score the animals every 4-6hrs as they progressed through the wandering stage,
the White Pre-Pupae stage (WPP), and then the transition to brown pupae. Adults were collected
as they eclosed in 8-12hr intervals, briefly anesthetized on a CO2 pad, and scored for sex.
Probit Analysis for Larval Molts, Wandering, Pupariation and Eclosion Assays
A probit analysis in R Stuido was used to evaluate the developmental data. The hours of
development were compared to the all-or-nothing (quantal) response of whether the animal had
transitioned into the next stage or not. The stimulus-response probability was calculated for each
stimulus “dose” (hours of development) assayed, and the average probability of pooled data from
three independent experiments was plotted. Error bars are standard errors of the calculated
probabilities. Trendlines are third-order polynomials calculated in MS Excel and are used to
determine the development time at which 50% of animals have undergone the transition to the
next stage.
Pupal Duration (Restaging at WPP)
Pupal duration was measured by resynchronizing the animals at the WPP stage and
collecting adults as they eclosed. Every two hours, new WPP were delicately transferred to a
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fresh vial using a paintbrush and their eclosion was scored in 8hr intervals beginning at 8 days
ALH.
Larval and Pupal Developmental Pictures
Larvae from each population were staged at hatching in the manner described above and
were reared concurrently. At all the developmental times specified, from the same cohort, three
animals from each population were collected and briefly frozen at -80°C. Defrosted larvae were
arranged on a micrometer slide and photographed. Representative images were scaled based on
the micrometer bar in the image and images were arranged for clarity using Paint 3D. Original
images are included in Supplemental Figure S1.
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2.4

Results

2.4.1 Eclosion
It was previously observed that the SS populations both eclose and wander about one day
later than FC (Reynolds, 2013). This work needed to be replicated, validated on the current
generation of selection (generation 53 in the previous study versus generation 120-135 in the
current study), and measured with greater accuracy using closely aged cohorts. Additionally, the
outbred, heterogeneous populations FC and SS populations were to be compared to the inbred
lab stock, Canton S (abbreviated LS for lab stock). The vials with animals aged ±1hr old were
checked every 8hrs for eclosion, thus the eclosion time is ±4hrs, and the total window for the
measured pupal duration is ±5hrs.
The FC animals (females and male pooled) eclosed about 30±5hrs before the SS and
2±5hrs before the LS (Fig. 2.1A), indicating that they are much different from the SS and very
similar to the LS. Data for males and females were plotted separately in Fig. 2.1B to show that
females still eclose before males on average for each population, as is typical for the species.
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Fig. 2.1 Eclosion Occurs About 30hrs Later in Starvation-Selected Flies
(A) A line chart showing eclosion rates of pooled females and males against development time
for three populations, Fed Control, Starvation-Selected, and the Lab Stock, Canton S (LS). A red
dotted line is plotted along the 50% line and drawn down to the x-axis at the intersection with the
plotted data from one representative experiment. N=105-112 for each population. (B) A line
chart showing eclosion rates separated by females and males against development time for three
populations, Fed Control, Starvation-Selected, and the Lab Stock, Canton S (LS) from one
representative experiment, to show that females eclose first, on average. Females are represented
by solid lines and solid markers while males are dotted lines and open markers. N=105-112 for
each population (same data as panel A).
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2.4.2 Pupal Period Duration
The next experiment was to directly measure the extra time spent in the pupal period.
Animals were staged at WPP and then were measured for eclosion. The WPP stage lasts for less
than two hours according to Bainbridge and Bownes (1981), meaning that the WPP were staged
to ±1hr. The vials were checked every 6hrs for eclosion, thus the eclosion time is ±3hrs, and the
total window for the measured pupal duration is ±4hrs.
Within each population, females eclosed before males as is typical in the species (Fig.
2.2). Females of the SS population restaged at WPP eclosed about 9.8hrs±4hrs after those of FC
(Fig. 2.2C). Interestingly, the LS females also took longer in the pupal period and eclosed
6.5hrs±4hrs after the FC and just 3.3hrs±4hrs before the SS females (Fig. 2.2C). While this
indicates that the LS and FC have some divergence in their developmental pattern, it further
underscores the validity and necessity of comparing the SS to the FC.
The male eclosion rates were similarly ordered. Males of the SS population eclosed
9.1hrs±4hrs after the FC (Fig. 2.2D). The LS males eclosed only 1.2hrs±4hrs after the FC and
therefore 7.9hrs±4hrs before the SS (Fig. 2.2D). The difference in time between female and
male eclosion was 6.8hrs±4hrs for the FC and 6.1hrs±4hrs for the SS while the LS difference
was only 1.5hrs±4hrs in this experiment (Fig. 2.2E). The cause of the convergence of male and
female eclosion times in the isogenic LS was not investigated as it is not the focus of this
research.
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Fig. 2.2 Pupal Period Duration Differs by Sex and Selection
Scatter plot data points are percent of flies, staged at WPP, that have eclosed; (A) females, N=514 and (B) males, N=6-10. The same data is plotted as bar graphs of average pupal period
duration and multiple t-tests were performed between populations to return Bonferroni-corrected
significance values for (C) females and (D) males of each population and (E) comparing females
and males within the same population. Error bars are 95% confidence interval of the mean.
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2.4.3 Pupariation
Development time to pupariation was next measured to separate out the extra time spent
in the larval stage vs the pupal stage. Pupariation occurred about 18±5hrs later in SS as
compared to FC (Fig. 2.3). Therefore, the larval stage accounts for the majority, but not all, of
the extra 30hrs of development (Fig. 2.1). This is in accordance with the previous experiment
showing that the pupal period is also extended in the SS population by 10±4hrs (Fig. 2.2). This
confirms the revelation that not all extra developmental time is spent during feeding larval
stages, but that the SS flies take longer to undergo metamorphosis in a non-feeding stage as well.
The window ±5hrs comes from the animals’ age (±1hr) and the assay check interval of up to 8hrs
(±4hrs).
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Fig. 2.3. Pupariation Occurs About 18hrs±5hrs Later in the Starvation-Selected
Population
Data points represent predicted probabilities of pupariation based on hours of development using
a model generated from a probit analysis of data from three independent experiments, totaling
N=266, 251, and 119 animals for FC, SS, and LS assayed at each time point. Error bars are
standard error of the predicted probability. Trendlines are third-order polynomials.
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2.4.4 L3 Molt
Since it appears that the majority of the extra developmental time is spent in the larval
period, we asked during which larval stage does this occur. Time to L3 was assayed. 50% of
larvae had molted to L3 about 2.25±1.25hr later in the SS as compared to the FC (Fig. 2.4). The
LS and the FC showed no difference. The window of ±1.25hr comes from the age of the animals
(±1hr) and the duration of the assay (0.5hrs, or ±0.25hr).
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Fig. 2.4 The L3 Transition is Delayed in the Starvation-Selected Population by
2.25±1.25hrs
Data points represent predicted probabilities of molting to L3 based on hours of development
using a model generated from a probit analysis of data from three independent experiments, each
with N≥15 animals per population per time point of percent likelihood of molting to L3 based on
hours of development. Intersection with the horizontal dashed red line indicates the time at 50%
L3. Error bars are standard error of the predicted probability. Trendlines are third-order
polynomials.
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2.4.5 L2 Molt
To further assign the 2.25±1.25hr of extended development to the appropriate
early instars, time to L2 was assayed. Time to second instar molt was 1.75±1.25hr delayed in the
SS population (Fig. 2.5). The window of ±1.25hr comes from the age of the animals (±1hr) and
the duration of the assay (0.5hrs, or ±0.25hr).
As the delay is progressively smaller than the staging window, time to hatching was not
conducted as, while interesting and potentially informative, it does not contribute significantly to
the overall developmental delay, which is the focus of this research.
Unrecorded observations made while attempting to collect freshly hatched larvae may
indicate a small but noticeable delay in SS larvae hatch time from synchronized egg collection.
However, this may be a misleading artefact due to other factors not controlled for this
experiment, such as number of animals laying eggs, number of eggs laid, etc. where equivalent
rates of hatching appear as fewer SS larvae. To properly assay embryonic development with a
resolution of under 0.5hr would require laborious collection of a precise number of embryos,
counts of hatched larvae every 0.5hr (which take 0.5hr) for 3-4hrs and most likely no less than
20 independent experiments for statistical power, which may take 5 generations of the
populations, to account for sampling variation.
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Fig. 2.5 The L2 Larval Transition is Delayed in the Starvation-Selected Population by
1.75±1.25hrs
Data points represent predicted probabilities of molting to L2 based on hours of development
using a model generated from a probit analysis of data from at least four independent
experiments, each with N≥15 animals per population per time point of percent likelihood of
molting to L2 based on hours of development. Intersection with the horizontal dashed red line
indicates the time at 50% L2. Error bars are standard error of the predicted probability.
Trendlines are third-order polynomials.
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2.4.6 Larval Size
Developmental transition delays can be caused by delay of the growth program or
insufficient size due to a variety of reasons potentially unrelated to primary ecdysone deficiency.
However, based on observations and previous data (Fig. 1.2 and Fig. 1.3) the SS population
adults do not appear stunted or malformed, which would be expected if the developmental delay
was due to insufficient growth. This would also be in opposition to what is generally accepted
about which traits confer starvation resistance to an animal. To confirm that the developmentally
delayed larvae are not growth restricted, SS and FC larvae were compared side by side and sized
with the use of a micrometer slide. SS larvae do not appear growth restricted as compared to
contemporary FC larvae (Fig. 2.5).
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Fig. 2.5 Starvation-Selected L3 Larvae are Not Growth Restricted
Larvae staged at hatching from each population were reared concurrently. At the developmental
times specified, N=3 larvae per population that had been briefly frozen at -80°C were arranged
on a micrometer slide and photographed. Representative images were scaled based on the
micrometer bar in the image and arranged for clarity. Original images are included in
Supplemental Figure S1.
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2.5

Discussion
The distribution of extra developmental time in the SS population was determined by

comparing developmental transitions to the FC population (which itself has been confirmed to be
similar to the LS, Canton) in order to generate evidence for hypotheses regarding the cause of
delayed development. Most of the extra developmental time occurs in the third larval instar,
which is consistent specifically with delayed or reduced ecdysone signaling (Fig. 2.6 and Table
1), and inconsistent with alternative explanations such as growth rate reduction (Fig. 2.5).
The SS phenotypes can be compared to other models of altered ecdysone signaling
discussed in the introduction to narrow down potential mechanisms of action. Some aberrations
to the ecdysone pathway discussed do not directly phenocopy our SS population, but rather result
in lethality and complete failure to pupariate or molt. However, these pathways could
nonetheless be altered in the SS population, but modulated to a less extreme degree, as lethal
phenotypes would not persist in the population. As the alleles that define the SS genotype most
likely existed in the natural population before selection began, small alterations in gene function
that are not lethal could combine to create the phenotype we observe in the SS population today.
Ecdysone controls other phenotypes besides development and has especially diverse roles
in the adult (Ishimoto and Kitamoto, 2011; Schwedes and Carney, 2012). While it is informative
to learn that ecdysone is likely a mechanism by which developmental duration is extended by
starvation-selection, we then must ask how or whether the alteration in ecdysone signaling
supports starvation resistance. Looking to other functions controlled by ecdysone might reveal a
link to starvation resistance.
The pupal period extension was the second largest delay and may represent an intriguing
clue as to the nature of the developmental delay. However, larger sample sizes are needed, as are
much narrower windows of eclosion time. Due to the need to use contemporary cohorts, this
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three-day experiment would need checks more often than every 8 hours, such as every 4hrs. It is
possible that the extra staging at WPP would allow cohorts from subsequent days to be used, and
WPP to be collected all on about the same day, minimizing the experimental duration to about
36hrs with 4-6hr checks. The extended pupal duration may be explained by decreased ecdysone
signaling, but also may be due to decreased metabolic rate, or yet some other process. Rearing
the larvae at different temperatures might reveal if temperature causes this pupal duration to
scale differently in the SS than in the FC, indicating reduced metabolism or alteration of other
temperature-sensitive processes.
As most of the developmental extension was discovered to be in the third instar, we next
chose to assay physiological indicators of the three small peaks of ecdysone release that occur in
L3 for the next chapter. An alternate hypothesis to global reduction of ecdysone may be that
systems governing physiological checkpoints that allow progression through development may
be inhibiting the normal developmental program simply via ecdysone signaling. Discovering
which checkpoints are delayed may illuminate how (or whether) the ecdysone-coordinated check
point delays might support starvation resistance.
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Fig. 2.6. Development Time of Starvation Selected Population is Longer Predominantly in
L3 and the Pupal Stage
Horizontal bar graph shows duration of each stage for SS and LS populations compared to the
FC population. Only the stages with the greatest difference in the SS population are visually
differentiated to show magnitude. Animal pictures edited from Di Cara and King-Jones, 2013.
For complete list of developmental stage differences, please see Table 2.1.

Larval Stage
Duration

SS difference
from FC
(hrs±1)

L1
L2
L3
Wandering
Pupal
Total

1.75
0.5
16.75
-1
10
28±5hrs

Table 2.1 Development Time of Starvation Selected Population is Longer Predominantly
in L3 and the Pupal Stage
Table showing the developmental time difference in the SS population as compared to the FC in
hours different.
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Chapter 3: Starvation Selection Reduces and Delays Larval Ecdysone Signaling
3.1

Abstract
Developmental checkpoints in the third instar associated with ecdysteroid hormone

pulses are increasingly delayed in the Starvation-Selected population. This pattern of
developmental delay is indicative of reduced and/or delayed ecdysone signaling, which could
involve altered production, release, response, or metabolism of the class of hormones referred to
collectively as ecdysteroids. An enzyme immunoassay for ecdysteroids (with greatest affinity to
the metabolically active 20-hydroxyecdysone and the αEcdysone precursor) confirmed that the
SS population had reduced production and delayed hormone peaks as compared to the FC
population.
3.2

Introduction
During the third instar there are three small peaks of 20E that are coordinated with

various developmental checkpoints. The first peak happens early after the transition to third
instar (Rewitz et al., 2013) and is correlated with the attainment of critical weight (CW). CW is
the mass at which, in the absence of further nutrition, the larva has enough nutrients to survive
metamorphosis and is committed to (eventual) pupariation. The second small peak of ecdysone
in the mid-third instar occurs at about 20hrsAL3 (After L3) (Warren et al., 2006) and is
associated with a cascade of gene transcription that changes the developmental programming.
For example, the mid-third instar transition marks the change in sensitivity to developmental
delay in response to injured or slow growing discs via dilp8 (Hackney et al., 2012). Wandering
behavior occurs after the third small peak of ecdysone in the third instar and is regulated by the
photoperiod (Varma et al., 2019).
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3.2.1 Critical Weight Pulse
CW is the mass at which, in the absence of further nutrition, the larva has enough
nutrients to survive metamorphosis and is committed to (eventual) pupariation. Minimum viable
weight is attained soon before CW and is the weight at which the animal has enough nutrients to
survive metamorphosis but has not yet mounted the peak of ecdysone associated with
commitment to pupariation. In the absence of further food, an animal that has attained minimum
viable weight but not CW, will delay its pupariation in search for more food, while an animal
past CW will pupariate on time or hasten its pupariation in the absence of food. In pre-critical
weight larvae that are starved, Imp-L2 (section 2.2.3) is crucial for its role in delaying premature
development (Honegger et al., 2008).
In the presence of food, attainment of CW is followed by about 20hrs of feeding called
the terminal growth period (TGP) before the initiation of wandering causes the cessation of body
growth. The imaginal discs’ TGP extends into the non-feeding wandering stage, as they
proliferate using the animal’s stored nutrients (Shingleton et al., 2008; Shingleton et al., 2007).
Critical weight is assessed by the , prothoracic gland (PG). Genetic and environmental
differences like nutrient status, nutrient signaling, PG size, temperature, and photoperiod can
change the timing and/or mass that determines critical weight (Mirth et al., 2005). As the PG is
the steroidogenic gland, alterations in its growth that affect ecdysone production may also
underlie a change of timing, mass, or assessment of CW.
Changes in critical weight are known to result in larger final body size of the adult
(Church and Robertson, 1966). For example, it is commonly observed that flies reared under
cooler temperatures such as 18°C are larger, and temperature has been shown to change the mass
at which critical weight occurs (Ghosh et al., 2013). Alterations in size of the PG or sensing of
critical weight match the SS larval phenotypes of extended development, but not precisely the
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larger final body size, as SS flies do not appear to be larger animals (as their adult eyes and
wings are about the same as in FC flies, Fig. 1.3 and Brewer, 2013) but have merely stored more
nutrients in their abdomens. However, it should be noted that the SS population does have a
trend of about 15% more protein at eclosion, and 30% more after 4 days of feeding (despite it not
being statistically significant; Fig. 1.2), which could represent larger body size without scaling
some organs like the eyes or wings.
Larvae lacking JH take longer to attain the same weight due to reduced growth rate, but
the set point of the mass at which critical weight is attained is not changed (Mirth et al., 2014).
This reduction of growth rate was found to be FOXO dependent. One way FOXO alters
developmental timing is via its effects in peripheral tissues, like the fat body. The fat body
relays growth control signals in response to ecdysone that converge on the FOXO pathway
(Colombani et al., 2005). Thus, critical weight is a defined developmental checkpoint where
cross talk between 20E, insulin, and JH control development time and body size.
If pre-critical weight larvae (that are past minimum viable weight) are fasted on nonnutritive 1% agar they will delay their pupariation in search for more food. If post-critical
weight larvae are fasted, they pupariate either slightly advanced or on time. This results in
smaller pupae than those well fed, however pupariating early affords the adults of adequate size
the chance to forage for more food instead of starving on their depleted larval food source.
There might be other ways that this checkpoint marks the onset of the accumulating
developmental delay. It was noted in Ohhara et al. (2017) that there are actually two interrelated
checkpoints occurring during the period referred to as CW. One is the familiar growth
checkpoint, which our SS larvae achieve in tandem with the FC because their growth is not
impeded. The other, dependent on growth, is the cell-cycle checkpoint in the PG that permits it
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to undergo further rounds of endoreplication. The endoreplication of tissues supports maximal
gene expression, thus allowing the PG to upregulate steroidogenesis and irreversibly commit to
maturation. It was shown by Ohhara et al. (2017) that expression of steroidogenic Halloween
genes are severely diminished in PG tissues that have not undergone the normal amount of
endoreplication (4C as opposed to 32 or 64C). Further, they showed that the endocycling
checkpoint is TOR-mediated (nutrient-dependent), and larvae with genetic mutations blocking
the cell cycle continue to grow as larvae and do not pupariate on time. Reduction in cell ploidy
also results in reduction of overall size of the PG, so could this mechanism, discussed previously,
help account for the reduced steroidogenesis? Ohhara et al. (2017) further showed that they
could rescue the size of the PG by inhibiting mitotic-to-endocycle factors or upregulating insulin
signaling that resulted in a proliferation of 4C (normal diploid cells) that still could not perform
sufficient ecdysone biosynthesis, despite the PG size being normal. They identified that there are
qualitative changes associated with endocycle progression that allow for adequate
steroidogenesis in the PG. KDM5, a lysine demethylase that promotes endoreplication in the PG
was found to rescue larval developmental delay and pupal lethality when only expressed in the
PG of an animal that was otherwise KDM5 null (Drelon et al., 2019).
The transcription factor Snail is nutrition-sensitive and has two peaks in the PG, before
and after the molt to L3 (before and during the CW transition) that are coordinated with cells of
the PG entering S phase, which during the interim pause DNA replication. After the second
peak, Snail levels decline and endocycles become desynchronized and are no longer sensitive to
nutritional stress, which is the proposed mechanism for the exit from the CW transition (Zeng et
al., 2020).
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3.2.2 Mid-Instar Transition Pulse
The second small peak of ecdysone in the mid-third instar occurs at about 20hrsAL3
(After L3) (Warren et al., 2006) and is associated with a cascade of gene transcription that
changes the developmental programming. The gene expression of polytene larval chromosomes
is large enough to be easily visualized by looking at “chromosomal puffs” which are regions of
the chromosome that are being highly transcribed. These regions of highly transcribed genes
change in response to ecdysone, indicating large-scale genetic reprogramming by the hormone
(Ashburner, 1972). One such change induced by the ecdysone pulse is the expression of genes
that synthesize glue proteins in the salivary gland that the animals later use as adhesive to secure
themselves to the substrate during the pupal stage. The larval salivary gland is a large and easy
to image tissue that allows visualization of giant polytene chromosomal puffs, and transgenic
tools have been created that use the salivary gland glue gene and protein as an indicator for this
mid-third instar pulse (Biyasheva et al., 2001). However, the reprogramming is widespread and
not limited to the salivary gland. For example, the mid-third instar transition marks the change
in sensitivity to developmental delay in response to injured or slow growing discs via dilp8
(Hackney et al., 2012).
Disc growth is a factor that is known to contribute to the mid-third instar ecdysone pulse.
In a pathway additional to dilp8 secretion (section 2.2.3), it appears that growing discs secrete
Decapentaplegic (Dpp) which downregulates Halloween gene expression in the PG through the
receptor Thickveins (Tkv) (Setiawan et al., 2018). It also seems to reduce ecdysone signaling by
regulating insulin production via FOXO and bantam. Dpp signaling in the PG is required to
appropriately sense CW. During starvation in the early third instar (before CW), if Dpp
signaling is reduced in the PG, larvae pupariated prematurely. Therefore, Dpp communicates
with the PG to regulate hormone production with disc growth.
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3.2.3 Wandering Pulse
The third small peak of ecdysone in the third instar corresponds to wandering behavior.
Photoperiod is one input known to control this poorly understood ecdysone peak. The levels of
PTTH rise dramatically before wandering (Yamanaka et al., 2013), relating to the following rise
in ecdysteroids that is associated with this transition. PTTH expression is controlled in a
circadian manner (Selcho et al., 2017), discussed in section 2.2.1. Animals in the wild must time
their pupariation and eclosion with the day and night cycles for optimum fitness. However, the
populations in the laboratory are not under identical constraints or subject to the same abiotic
factors such as natural light cycle. This would allow potential variation in the circadian timing
of wandering and pupariation to persist in the population instead of being selected against, under
the starvation selection regime.
3.2.4 Environmental Factors are Inputs to Developmental Checkpoints
Many biotic and abiotic factors can affect the duration and rate of development and
attainment of developmental checkpoints. Incredible phenotypic plasticity is seen with this
complex and foundational trait that affects many other subsequent phenotypes, such as body size
and fecundity.
Temperature
Insect activity and metabolism increase with temperature. Development time is dependent
on temperature. Development time, fecundity and body size are optimized at 25°C (Klepsatel et
al., 2019). Large fluctuations of temperature alone, even with the same overall mean
temperature, can delay development in some Lepidopteran species (Xing et al., 2015).
Temperature also affects body size. The temperature-size rule posits that the majority of
ectothermic animals reared at colder temperatures take longer to develop and mature at a larger
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body size (Angilletta et al., 2004). Higher temperatures reduce the mass at which critical weight
is achieved, thus reducing the final size of the adult (Ghosh et al., 2013) and this is evidence for
how the temperature-size rule is mediated in Drosophila. Responses to temperatures including
growth, early fecundity, and fitness are altered by different diets (Kutz et al., 2019).
Drosophila have a clinal variation in size where larger body size is associated with lower
temperatures (Flatt, 2020). However, seasonal differences in temperature also cause large
changes in haplotype frequency and temperature-associated phenotypes that may be greater than
the clinal variations (Behrman et al., 2018). Temperature, as opposed to photoperiod, was found
to be the main driver of change to winter morphs in D. suzukii for wing size and body
melanization (Leach et al., 2019). However, in the cricket, Modicogryllus siamensis,
photoperiod and temperature independently affect body size, with photoperiod acting to change
growth rate through the IIS/TOR pathway and number of molts through JH signaling (Miki et al.,
2020).
Photoperiod
Synchronization of behavioral and developmental rhythms with the periods of light and
dark of the environment are critical for survival and optimal fitness. Bursts of locomotor activity
occur at dawn and dusk (Allada and Chung, 2010). Egg laying peaks at dusk and this rhythm is
maintained under D:D conditions for up to five days (Xu et al., 2011). Drosophila eclose with
the onset of light (Varma et al., 2019) and this circadian gating is so strict that if the light cycle is
fractionated in such a way that not all pupae are ready to emerge during the first light cycle
available to them, they will wait until the next onset of light to synchronize themselves with their
environment. If kept in darkness during the pupal stage, they will eclose in time with the light
cycle they were entrained with during the larval stage (Harker, 1965). Strict circadian gating
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also causes larvae to wander at dusk and therefore pupariate in the dark, by dawn (Roberts et al.,
1987). Interestingly, this effect can be overridden under conditions of overcrowding (at just 50
larvae per vial), where wandering is considerably delayed, and synchrony abolished.
Density
Larval density significantly impacts development time and other traits that are dependent
on larval life history. Density is defined as the number of larvae per vial: 10–20 (low), 50–70
(medium) and 150–170 (high) (Baldal et al., 2005).
Density is a commonly ignored confounding factor that may go unnoticed and yet has a
significant impact on the results, as demonstrated by gene- or strain-by-density effects (Horváth
and Kalinka, 2016). As density affects larval life history and all of the subsequent phenotypes
dependent upon it, including starvation resistance, it merits special attention when evaluating any
physiological experiments.
High larval density can increase development time by as much as four days (Horváth and
Kalinka, 2016). In addition, high larval density decreases egg to adult viability. High larval
density acts as a stressor, thus changing resource allocation towards storing fat to increase stress
resistance of the adult (Baldal et al., 2005).
Stocks maintained in high larval density have increased starvation resistance (Mueller et
al., 1993). They also show increased longevity compared to populations selected for
development at low density, regardless of the rearing density. As longevity and starvation
resistance are aspects of stress resistance, this is an interesting hint about how larval conditions
might prime animals for what nutritional environment to expect as adults, much like the evidence
showing the same for mice and humans discussed in Chapter 1.1.
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The mechanism by which larval crowding was found to cause its associated phenotypes
of delayed development, increased fat content, and starvation resistance was mainly a function of
nutrient deprivation. These phenotypes were rescued by increasing the yeast concentration in the
food (Klepsatel et al., 2018). This indicates that absence, insensitivity, or impaired uptake of a
component of yeast might also activate the same pathways that yeast deprivation and larval
crowding act on to produce the SS phenotype.
Larvae grown at high density were found to attempt to compensate for this poor nutrition
by consuming food faster (Joshi and Mueller, 1988). Interestingly, the SS population was also
found to eat more food in a 15min period (Brown et al., 2019). As some of the SS phenotypes
mimic larval overcrowding or its effect of larval starvation, this is possibly a pathway that has
been acted on by starvation selection.
Overall, there are many systems that govern development and serve as checkpoints or
inputs to developmental transitions. We can use physiological indicators of the ecdysone pulses
that mark developmental transitions in the third instar to assess which of these systems might be
perturbed by starvation selection. Further, measuring the pulses of ecdysteroids using enzyme
immunoassay will confirm if any delayed physiological response also correlates to delayed
ecdysone signaling.
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3.3

Methods

Critical Weight and Viable Weight
Larvae synchronized at hatching that were staged in the manner described in Chapter 2
were removed from their food substrate in one-hour intervals around the expected L2-L3 molt
for both the FC and SS populations and staged to determine the time that 50% of each population
had molted to L3. In two-hour intervals beginning 2hrs after L3 (AL3) for FC, L3 larvae were
collected from both populations from an undisturbed vial and washed in phosphate-buffered
saline to clean off any food particles. The larvae from each population were split into either fed
or starved treatment groups. The fed treatment group was transferred in groups of five larvae
each to at least three vials of regular fly food while the starved treatment group were transferred
similarly to vials of 1% non-nutritive agar. An additional group was frozen to have their
triglyceride (TG) and protein content measured.
Transgenic SgsΔ3-GFP Population Foundation
The SgsΔ3-GFP construct (Biyasheva et al., 2001) contains the regulatory regions and Nterminal of the endogenous salivary gland secretion 3 (sgs3) or “glue” protein fused with the
coding information for enhanced GFP (eGFP). It is on a pCasper4 plasmid transformed into E.
coli. The plasmid was verified by DNA gel electrophoresis and a culture was isolated and sent to
RainbowFly Transgenic for injection into F2 embryos of Starvation-Selected and Fed Control
flies. The injected embryos were returned, and the resulting F2 adults were individually crossed
to either males or females of their population of origin. The F3 progeny were screened under a
fluorescence microscope for glowing salivary glands that were expressing SgsΔ3-GFP. The rate
of insertion is usually 10-20% for assisted P-element transgenesis in typical laboratory strains
(Engels, 2001). I recovered successfully transformed F3 progeny from three different crosses
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(two from FC, one from SS) out of about 50 crosses per population. Each group was collected
and allowed to self-cross since it is assumed that the parent had only one unique insertion of the
construct. GFP-positive F4 progeny were selected to establish a GFP-enriched population that
will perpetuate through inbreeding. The crosses were monitored every generation for 5
generations to ensure that the GFP-containing chromosome was not being negatively selected
against. Only the most robust FC-GFP transgenic population was chosen to be maintained.
SgsΔ3-GFP Expression
Female virgins from the SS-GFP and FC-GFP (transgenic populations with the
Sgs3ΔGFP insertion) were collected and crossed to males from the Starvation-Selected and Fed
Control populations. This pairing was determined necessary because the GFP-chromosome in
the SS-GFP population appeared to be inserted on the X chromosome due to its observed sexspecific segregation. Larval cohorts were staged and reared in the manner detailed previously.
In four-hour intervals, animals were collected from the food, rinsed, and placed under the
fluorescence imaging microscope to be screened for the presence of GFP.
Because heterozygous GFP animals cannot be separated from homozygous GFP animals,
some progeny from the crosses will inherit a non-transformed chromosome from both parents
and will not have a transgene to express GFP. Therefore, it was necessary that larvae from each
sample be replaced onto food and screened 12 hours later for total number of glowing
larvae/pupae. The time at which 50% percent of larvae expressed GFP relative to the total final
number that went on to express GFP was used to indicate 20E signaling.
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SgsΔ3-GFP Population Phenotype Verification
To verify that the transgenic GFP populations still maintain the SS phenotypes, larval
staging at L2-L3 and time after larval hatching until wandering was performed in the manner
described above. Starvation resistance was also assayed as described in the following sections.
Fly Homogenates for Triglyceride and Protein Assays
Flies previously frozen at -80°C were put in pairs into 2.0mL tubes with a metal bead and
250µL cold lysis buffer. Cold bead beater frames with samples were loaded into a QIAGEN
TissueLyser for 1min at 20Hz. Samples were then heated for 5min at 70°C in a water bath for
protein inactivation. Then samples were centrifuged for 3min at 14kRPM. 150µL of the
supernatant was collected into new 1.7mL tubes without disturbing the pellet. Then only the
SS’s were diluted by two-fold by adding the same volume of milliQ H2O as the volume collected
(150µL). The Infinity TG kit was used to measure total triglycerides. In 96-well plates, 100µL
of reagent was pipetted into each well along with 10µL of sample or standard. Plates were
incubated for 15min at 37°C and then read at 540nm.
For the bicinchoninic acid (BCA) protein assay (reviewed in He, 2011), whole fly
homogenates from the same preparation as the TG assay were further diluted using milliQ H 2O
to a final 8x dilution for both populations. In 96-well plates, 200µL of BCA reagent was
pipetted into each well along with 10µL of sample or standard. Plates were incubated at room
temperature overnight and then read at 562nm.
Ecdysteroid Quantification
Larvae staged at hatching as previously described were collected in three replicates of 10
animals for the later stages (72-112hrsALH) where the animals are larger and have more
hormone to measure, and three replicates of 20 animals for the early stages (52-68hrsALH) when
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the larvae are very small. Larvae were collected from each population at the times during L3
specified in Fig. 3.6. Larvae were washed in distilled water twice, briefly dried on paper towels,
and placed into ice cold methanol and kept at −80°C until use (Koyama et.al., 2014). Prior to
assaying, the samples were homogenized and centrifuged, the supernatant collected, and the
methanol from the supernatant was evaporated until completely dry (Mirth et al., 2005).
Samples were resuspended in 100µl of enzyme immunoassay (EIA) buffer. Samples at
84hrsALH and after were diluted further. EIA assay was performed as per the instructions of the
20E EIA kit purchased from Cayman Chemicals.
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3.4

Results

3.4.1 Critical Weight and Viable Weight
The FC and SS population both consistently pupariated on time or ahead of schedule
when starved at 63hrsALH or after (Fig. 3.1). This indicates that critical weight is achieved at
64hrsALH±2hrs. The similar timing of CW of the two populations is surprising given that the
SS reach L3 2.25hrs±1.25hrs later than FC (Fig. 2.4). The SS population may not reach viable
weight as quickly, however, as the earliest time points show that the SS are not able to pupariate
in the absence of food whereas the FC eventually pupariate. The ±1hr animal age in addition to
the ±0.5hr duration of the experiment set up would dictate further assessment of the timing of
viable weight.
Next, larvae frozen from the same cohort and at the same times were assayed for their
protein and fat content. Groups of larvae from the same cohort that were found to be past CW
(63, 64, and 66hrs) in the previous figure (Fig. 3.1), had their values for protein and fat content
averaged and graphed. The total of protein plus fat content is a proxy for total weight and was
found to be not significantly different between the populations (Fig. 3.2). Protein content alone
was found to be similar between the populations as well. Fat content, however, was significantly
greater in the SS population (P<0.05).
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Fig. 3.1 Critical Weight is Attained at the Same Time in the Starvation-Selected and Fed
Control Populations
Average time to pupariation for either Fed Control (circles) or Starvation-Selected (triangles)
after being transferred to food (handling control treatment, solid markers) or non-nutritive agar
(open markers) at different times in development along the x-axis. Each point represents the
mean pupariation time of at least 5 animals and error bars represent standard error of the mean.
Trend lines are moving average. ‡ indicates that these animals never pupariated. Development
times at which starved animals pupariate sooner than their refed counterparts signify attainment
of critical weight. Which in this experiment, under these conditions, occurred at 64±2hrs, and is
demarcated by shaded horizontal arrows.
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Fig. 3.2 The Starvation-Selected Population Attains Critical Weight at the Same Protein
Content, but Greater Triglyceride Content
Stacked bar graphs show average protein and triglyceride of post-critical weight larvae (6366hrsALH) from the previous experiment, indicating the differences in their body composition
circa critical weight attainment.
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3.4.2 SgsΔ3-GFP Expression and Population Verification
SgsΔ3-GFP expression
Animals from the transgenic populations described previously were assayed for SgsΔ3GFP expression in their salivary glands at 4hr intervals during the mid-third instar and again 1224hrs later. The number of animals showing GFP fluorescence was expressed as a percentage of
the total animals of that sample that later went on to express the GFP-tagged protein,
representing an accurate measure of how many animals had experienced and responded to the
small mid-third instar peak of ecdysone. The SS-GFP population reached 50% expression
5hrs±3hrs after the FC-GFP population (Fig. 3.3). The window of ±3hrs comes from the ±1hr
staging at larval hatching and the 4hr check time interval (±2hrs).
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Fig. 3.3 SgsΔ3-GFP Expression is Delayed in the SS-GFP Population
(A) Bars show percent of larvae expressing SgsΔ3-GFP in their salivary glands out of the total
number of larvae that went on to express SgsΔ3-GFP as identified by fluorescence microscopy.
N=8-15 Sgs3ΔGFP-positive larvae per population per time point. One representative experiment
shown.
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Verifying SgsΔ3-GFP transgenic lines’ phenotypes
The SgsΔ3-GFP populations were assayed for starvation resistance to confirm that they
maintain the phenotypes associated with their parent populations. The SS-GFP retained an
approximately 3x greater mean hours of starvation survival of 185hrs starvation survival vs the
FC-GFP 55hrs starvation survival (Fig. 3.4A-B).
Additionally, the SgsΔ3-GFP populations were assayed for development time. The
larvae of the SS-GFP line molted to L3 3.5±2hrs later than the FC-GFP (Fig. 3.4C). The SSGFP larvae pupariated 20hrs±4hrs after the FC-GFP (Fig. 3.4D).
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Fig. 3.4 Starvation-Selected Phenotypes are Preserved in SS-GFP Transgenic Populations
(A) Kaplan-Meier survival curves for 4±1-day old transgenic populations. (B) Average
starvation survival times represented by bars. Error bars represent 95% confidence interval of
the mean. Scatter plots show representative experiments of (C) time to L3 molt and (D) time to
pupariation where data points represent percent of animals having progressed to the next
developmental stage, N=20 per population per time point.
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3.4.3 Wandering
Next, time to wandering was assayed using larvae staged at hatching. It took the SS
population 19hrs±4hrs longer to reach 50% wandering as compared to the FC while the LS was
similar to FC, taking only 2hrs±4hrs longer (Fig. 3.5). The window ±4hrs comes from the
animals age (±1hr) and the assay check interval of up to 6hrs (±3hrs).
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Fig. 3.5 Larval Wandering Occurs About 19hrs±4hrs Later in the Starvation-Selected
Population
Data points represent predicted probabilities of wandering based on hours of development using
a model generated from a probit analysis of data from three independent experiments, each with
N>100 animals per population assayed at each time point. Error bars are standard error of the
predicted probability. Trendlines are third-order polynomials.
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3.4.4 20E Enzyme Immunoassay
The physiological indicators of 20E signaling occur later in the SS population. This
implies that 20E signaling may be somehow delayed or altered. The SS population’s
development appears consistent with reduced ecdysone signaling, but whether this results from a
reduced amount of hormone or a blunted response is unclear. Any part of the hormone signaling
pathway may have been altered by starvation selection to effect the change we see in their
phenotype, from hormone production to hormone response.
Many inputs go into mounting the response to ecdysone after production. αEcdysone
must be released into the hemolymph and make its way to target tissues where it is then
metabolized to the active 20E form. Cells may then regulate their exposure to the hormone by
expressing pumps to expel the hormone. If the hormone makes its way into the nucleus, its
activity may be regulated by its binding partners and the associated transcriptional machinery
which can control the response of gene induction. The genes that produce the effector molecules
of development may be the targets of selection themselves. Any of these steps could have
protein expression or function changed in the SS population due to gene variants in coding or
non-coding regions of DNA. Additionally, it is possible that one or more of these inputs has
been a target of selection in the SS population resulting in a reduction of hormone activity as
opposed to a reduction of hormone production. To discern between reduced hormone production
(or increased hormone metabolism) versus blunted hormone response, the ecdysteroid titer was
measured at short intervals during the larval third instar using a 20E Enzyme Immuno Assay
(EIA) that measures 20E and its related metabolites, including αEcdysone, at varying affinities
(Table 3.1). The amplitude, shape, and frequency of the pulses will further inform hypotheses
about the mechanism by which ecdysone signaling has been altered.
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It was found that the hormone pulses occurred later, and their intensity was diminished in
SS as compared to FC (Fig. 3.6). This indicates that hormone production is a target of starvation
selection but does not rule out any additional differential hormone response.
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Fig. 3.6 Ecdysteroid Levels Remain Low Longer in the Starvation-Selected Population
Data points represent the average of three biological replicate values for the 20E EIA. 3 groups
of N=5 per population were measured. Error bars represent standard error. Open circle and open
triangle represent WPP that were collected at the same time as other larvae that had not yet
pupariated (hence overlap on the x-axis coordinate). Significantly different values as returned by
a t-test are indicated by * P<0.05 or ** P<0.01, and n.s. = not significantly different.
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3.5

Discussion
The distribution of extra developmental time in the SS population was determined by

comparing developmental transitions to the FC population (which itself was confirmed to be
similar to the LS, Canton S) in order to generate evidence for hypotheses regarding the cause of
delayed development. Most of the extra developmental time occurs in the third larval instar,
which is consistent specifically with delayed or reduced ecdysone signaling, and inconsistent
with alternative explanations such as growth rate reduction (Fig. 2.5 and further confirmed in
Fig. 4.1 and 4.2).
The timing of CW attainment remained unchanged (Fig. 3.1) and was even advanced
relative to third instar attainment (same hours after larval hatching but sooner in hours after
larval third instar, due to the delayed attainment of L3, Fig. 2.4). Gene expression associated
with the mid-third instar peak was delayed by about 5hrs±3hrs (Fig. 3.3). Wandering behavior
was the most delayed, at 19±4hrs (Fig. 3.5). Delays in third-instar checkpoint attainment are
summarized in Fig. 3.7. Significant and increasing third-instar delay is a hallmark of ecdysone
deficiency. The important mechanism of endoreplication in the PG explains a potential
mechanism for how the body size and timing of CW could be the same in the SS and FC larvae,
and yet the lack of concurrent upregulation of ecdysone biosynthesis marks the onset of the stage
with the majority of the developmental delay. This points to cell-cycle checkpoints in the PG
controlling hormone production as targets of starvation selection.
Whole-body ecdysteroid levels were measured and found to peak later in the SS
population, indicating a delay in hormone production and subsequent release (Fig. 3.6).
Exogenous hormone application (20E or αEcdysone) in the early third instar will next be tested
for its ability to rescue the delayed development of the SS population (Fig. 4.6 and Fig. 4.8).
Summary of the development period of the third instar is depicted in Fig. 3.7.
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It was previously thought that there were two pulses in the third instar until Warren et al.
(2006) reported three discrete pulses of 20E specifically that occur 8, 20, and 28hrs after L3.
Given what is understood about the 8hr cyclical nature of PTTH, the time intervals for 20E seem
odd. Despite the exquisitely staged larvae for Warren et al.’s immunoassays, and the visually
apparent peaks, there are no error bars to differentiate a “pulse” from a neighboring trough, as
there is only one measure of three pooled replicates per time point. Perhaps yet, there are a
different number of pulses that may occur at different times. Whether this trait may be plastic
and if or how it changes with third instar duration based on environmental conditions and
genotypes remains yet to be quantified.
The measurements here are of mixed ecdysteroids as opposed to 20E alone as in Warren
et al. (2006). The antibody affinity to particular ecdysteroids is listed in Table 3.1 Of note is
how both 20E and αEcdysone (E) are highly reactive with the assay.

Ecdysteroid
20-hydroxy-ecdysone
αEcdysone
2-deoxy-20-hyrdroxy-ecdysone
Polypodine B
2-deoxy-ecdysone
Ponasterone A
Cyasterone
Podecdysone C
Makisterone A
26-hydroxy-ecdysone
Muristerone A
Kaladasterone
22-epi-ecdysone
Posterone

Reactivity
with 20E EIA
100%
100%
88%
70%
63%
43%
5%
4.5%
4%
1.4%
1.2%
1%
<0.1%
<0.1%

Table 3.1 Cross-Reactivity of Various Ecdysteroids with the Cayman Chemical 20E EIA
Kit
Reproduced from Cayman Chemical, citing Porcheron et al., 1989.
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Additionally, animals were not restaged at L3 due to the asynchronous L3 molt of the FC
and the SS populations. This likely contributes to the failure to capture any statistically
significant identifiable “pulse” or inform on their timing in our experiment (Fig. S2). For future
work on larval pulses of 20E or total ecdysteroids, the SS population may yet reveal a pattern of
pulses that is different in timing and number from the FC and other wild-type strains.
The most delayed pulse in the third instar is the wandering pulse. Photogating controls
the wandering pulse (and PTTH release, section 2.2.1), and the SS population happens to eclose
about a day later. Under constant light the delay was still about a day, ruling out the possibility
that a “shorter” developmental program was being delayed until the next permissive circadian
period. However, it would be of great interest to rear larvae in constant darkness to look for any
distortion of the extended larval development related to FC. As larvae initiate wandering at
dusk, potential relative differences in the extended development time under constant darkness
might indicate a mechanism for the delayed wandering pulse and subsequent pupariation.
Several generations may be required to remove any parental light entrainment information that
could be passed epigenetically or through maternal RNAs or egg-laying rhythm, and careful
techniques in adequate facilities would be required to maintain the culture without external
entrainment stimuli.
Starvation resistance is associated with extended larval development, verified here in our
populations to be caused by reduced and delayed ecdysone signaling, but the targets of starvation
selection that control ecdysone signaling are still unknown. Generally, ecdysone production and
action are controlled by an interplay between Insulin and Insulin-Like Signaling (IIS), Juvenile
Hormone (JH) signaling, and ecdysone signaling itself. Nutrition is a primary input to these
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developmental hormones. These systems are prime candidates for investigation into the targets
of starvation selection.
Controlled by nutrition, IIS in the PG is required for production of ecdysone, and
insufficient IIS specifically in the PG results in delayed pupariation and overgrowth (Mirth and
Shingleton, 2014). Ecdysone signaling in the fat body regulates systemic IIS, and therefore body
size, via FOXO (forkhead box, sub-group O) in the fat body (Colombani, 2005). IIS also
controls JH in imaginal discs and via dilp6, and JH reciprocally controls IIS by controlling
growth rate and body size (Koyama et al., 2008; Rauschenbach et al., 2017; Mirth et al., 2014).
JH and 20E antagonize each other’s actions in the ring gland (Liu et al., 2018). Dilp8 from slowgrowing imaginal discs can delay ecdysone production (Colombani et al., 2012). Nutrition
controls the ecdysone-dependent expression of IGF-binding protein ImpL2 from the fat body,
which limits IIS-dependent growth (Lee et al., 2018). The fat body secretes many molecules in
response to nutrition that regulate ecdysone directly or indirectly through modulating growth of
the PG via IIS (reviewed in Hyun, 2018; Koyama et al., 2020; Texada et al., 2020). As these
endocrine systems are tightly interwoven, and nutrition is a top-level input to all of them,
candidate targets of starvation selection in the SS population are likely to be found by perturbing
elements of these systems and looking for aberrant pathway responses.
Identifying reduced and delayed ecdysone production as a consequence of starvation
selection confirms many previous observations, but it does not address why reduced ecdysone
signaling may be supportive of starvation resistance. There is evidence that extended larval
development itself is not supportive of starvation resistance or stress tolerance, but merely a
secondary effect of perturbed IIS signaling (Zwaan et al., 1991; Broughton et al., 2005).
Ecdysone controls many functions in the adult in addition to its well-known role in coordinating
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larval development. Adult ecdysone signaling modulates traits that could potentially support
starvation resistance including fecundity (Meiselman et al., 2017), activity (Ilius et al., 2007;
Martin et al., 2001; Kumar et al., 2014), behavior (Brewer, 2013; Schwedes et al., 2011) and
sleep (Brown et al., 2019; Ishimoto and Kitamoto, 2010; Masek et al., 2014; Slocumb et al.,
2015). It has always been intriguing how the adult selection pressure on the SS population has
produced a larval phenotype. It is plausible, however, that ecdysone signaling in the adult was
the target of selection which caused a global reduction of hormone production that also affects
the larval stage. Ecdysone production itself might not be a direct target of starvation selection
either, but a result from another cause like altered nutrition sensing or signaling by the fat body
or PG that inhibits ecdysone production. Studying the contribution of the extended larval
development to the support of starvation resistance will inform if it is likely to be a primary
target of starvation selection or perhaps merely a secondary effect.
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Fig. 3.7 Physiological Indicators of 20E Signaling in the Third Instar are Increasingly
Delayed in the Starvation-Selected Population
Stacked bar graph of hours after larval hatching until each third-instar physiological stage of
development. Delayed attainment of a stage is represented by a larger bar. Graph x-axis begins
at L3 transition of FC and is therefore not shown.
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Chapter 4: Extended Larval Development Time and Larval Fat Stores have a Small
Contribution to Extreme Adult Starvation Resistance in Starvation-Selected Drosophila
melanogaster
4.1

Abstract
Larval diet determines the time to pupariation, size at pupariation, and adult body size,

among many other traits. Adult body size and body composition contribute to starvation survival
ability. The SS flies have evolved extreme starvation survival ability without a change to their
diet composition. Instead, they have extended their larval development time which allows them
to eat for longer (among many other changes) and have evolved to become genetically
programmed for obesity on a standard lab diet. It is unknown whether the extended larval
duration is contributing to the adult starvation survival or whether it is only a consequence of
other adaptations, such as altered hormone signaling for example, that allow the adult to survive
starvation for longer.
The data from Chapter 3 indicates that the larval development period is extended due to
reduced ecdysone signaling. This chapter investigates the magnitude that extended development
directly increases starvation resistance to assess whether it is more likely to be a consequence of
an adaptive trait, such as reduced ecdysone signaling in the adult, or something else that reduces
ecdysone production. Findings indicate that the extended larval development time and larval fat
stores play a relatively small role (less than 20%) in the extreme starvation resistance of SS
adults. This suggests that these traits may be supportive to, or a consequence of, another trait
that is a primary target of the starvation selection pressure. One such trait inferred from feeding
altered diets may be altered IIS/TOR signaling in the prothoracic gland which is known to reduce
ecdysone production. This work explores the possibility of altered nutrition sensing as a target
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of starvation selection and lays the foundation for investigation into potential mechanisms of
starvation resistance and obesity.
4.2

Introduction
Extended larval development is a consequence of starvation selection, but its contribution

to starvation resistance remains to be quantified. How much extended larval development
contributes to starvation resistance may indicate whether or not it is likely to be a trait that has
been directly selected for by adult starvation selection or if it is a consequence of selection on
another trait. For example, larval development is controlled by ecdysteroids, nutrition, and other
hormones, but these have important roles in the adult that could be targets of selection for
starvation resistance. Selection for an adult trait may consequently create a larval phenotype if
the targets of selection function at different life stages or if larval life history contributes to adult
fitness.
Ecdysone signaling controls many aspects of adult biology that could potentially
contribute to starvation resistance. Notably, fecundity, sleep, locomotor activity, foraging, and
circadian clock are all under control of ecdysone. There is evidence for alteration of these traits
in the SS population. Ecdysteroids affect ovarian stem cell niche formation and early germline
differentiation (König et al., 2011). Ecdysone synthesis by the ovary also controls the stage-8
vitellogenic checkpoint, and lipid accumulation beginning in stage 10 requires ecdysone
signaling (Uryu et al., 2015). The SS population is known to have delayed ovarian cell
organization and lower fecundity (Beeghley, 2019). The SS population also displays aberrant
sleep patterns (Masek et al., 2014; Slocumb et al., 2015; Brown et al., 2019) and ecdysone is
known to regulate sleep in adults (Ishimoto and Kitamoto, 2010). Related to this, ecdysone also
regulates the circadian clock (Kumar et al., 2014) which controls many aspects of adult
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physiology, including driving ecdysone production (Di Cara and King-Jones, 2016). Reduced
ecdysone signaling may be the effector for these phenotypes which could support starvation
resistance.
Thus, the effects on larval development could merely be due to globally adjusted
ecdysone signaling and not because the larval period is a direct target of starvation selection
pressure. If so, then the extended larval duration may be considered a spandrel or an exaptation,
discussed more in section 1.1.8. Larval development may not have been the direct target of
selection but might be necessary to accommodate an adaptation and has only later been further
exploited to support the adaptive phenotype (such as increased fat accumulation during the larval
period). This chapter investigates the contribution of the extended larval period, larval fat stores,
and body size to starvation survival. Additionally, gauging the magnitude of this contribution
could infer if the larval period itself is likely a primary target of starvation selection, or if another
adaptive trait such as reduced adult ecdysone signaling or altered nutrition sensing in the
steroidogenic organ could be an upstream factor resulting in the observed reduced ecdysone
production.
Next, to investigate potential mechanisms by which ecdysone signaling may have been
diminished, conditions that rescue or enhance the extended development phenotype including the
addition of exogenous hormones and altered larval dietary quality were evaluated for their effect
on starvation resistance and triglycerides. As nutrition sensing and signaling is a potent
upstream regulator of hormone production and signaling, it is a strong candidate for a system that
has been altered by starvation selection that would result in the extended development
phenotype.
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The insulin/insulin-like system (IIS) and the target of rapamycin (TOR) pathways control
body size and development in response to nutrition. Diets that vary in their sugar or yeast
(protein) concentrations act on IIS/TOR to extend or contract the developmental period and may
therefore also have an effect on adult starvation resistance. This alteration can tease out the
contribution of larval nutrition vs genetic metabolic and behavior changes that contribute to
starvation resistance by highlighting the magnitude of the effect of nutrition on SR. Further, a
larval diet rich in the appropriate macronutrient might exacerbate any potential nutrient
utilization or allocation abnormalities. Divergence in phenotypic response between the FC and
SS would thus allow us to detect if a nutrient sensing pathway has been altered by starvation
selection.
4.2.1 Steroid Signaling and Larval Growth
The Fat Body Integrates Nutrition Signals to Control Larval Growth and Development.
It is crucial to regulate body size and growth period with nutrition intake. The fat body
senses and relays information about nutritional status and diet quality throughout the body. It is
also a major site of conversion of circulating hormone ecdysone (E) to the active form 20E by
the cytochrome P450 enzyme shade. Nutrition regulates expression of shade in the fat body,
thus controlling 20E activity (Buhler et al., 2018) and coordinating maturation with growth.
20E acts as a negative growth regulator by opposing insulin signaling (Colombani et al.,
2005), but high levels of 20E being sensed via EcR specifically in the fat body can also limit
whole animal size independent of IIS or by its interaction with FOXO by inhibiting a pro-growth
transcription factor (Delanoue et al., 2010). The transcription factor dMyc (diminutive), an
ortholog of the human Myc family of transcription factors, is involved in cellular growth,
metabolism, and translational machinery. Exogenous 20E feeding reduces systemic growth, but

103

fat body knockout of EcR rescues pupal volume by a mechanism that is dependent on dMyc.
The expression of dMyc is regulated by protein and TOR signaling in the fat body (Teleman et
al., 2008). Its expression declines in late third instar to reduce growth in preparation for
wandering and pupariation (Delanoue et al., 2010). Also, interestingly, during absence of
nutrition, basal levels of dMyc needed to survive are sustained by FOXO (Teleman, 2010).
dMyc increases the expression of the lipogenesis gene Desat1 in the fat body which may be the
mechanism by which it exerts its additional effect on controlling dilp2 release from the brain
(Parisi et al., 2013). These aspects make the fat body a point of convergence for phenotypes of
interest related to the SS population.
Lipid Metabolism in Endocrine Glands Regulates Developmental Timing
Many of the highly expressed genes found in the ring gland, the organ responsible for
steroidogenesis, are related to lipid metabolism, and knockdowns of these genes produce similar
developmental delay phenotypes (Danielsen et al., 2016). Lipid metabolism in the PG is one
mechanism for coupling nutrition with development. Lipid homeostasis genes that have been
selected to produce fatter adult flies may therefore have an indirect role affecting development
time by also affecting lipid metabolism in the PG of larvae.
Nutrition-dependent to Nutrition-independent Switch During Development is Controlled by
Ecdysone
Nutrition allows growth of both larval tissue and imaginal discs during early
development. Delayed development may result from delay in the transition to nutritionindependent proliferation or reduction of the growth rate of the discs due to reduced ecdysone.
EcR derepression of ecdysone-controlled genes switches the body to nutrition-independent
development of discs in post-critical weight larvae (Mirth et al., 2009). Disc growth requires
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both ecdysone and insulin signaling (Gokhale et al., 2016). Discs of larvae with reduced
ecdysone are small because ecdysone normally suppresses a negative growth regulator, Thor/4EBP, in imaginal discs (Herboso et al., 2015).
Larvae make nutritional choices that minimize their development time (Rodrigues et al.,
2015). Commitment to pupariation at the critical weight transition also coincides with a change
in larval food preference. Both pre- and post-CW larvae prioritize protein intake over
carbohydrate intake, but pre-critical weight larvae regulate their protein intake in a narrower
window than do post-critical weight larvae, at the cost of over- or under-consuming
carbohydrates (Almeida de Carvalho and Mirth, 2017). Therefore, the developmental program
has a mechanism by which it can alter the nutritional input, which could affect adult body
composition and future starvation resistance dependent on larval nutrition and development time.
4.2.2 Insulin and Insulin-like Signaling Pathway (IIS) and Growth
It was previously discussed in section 2.2.3 how the IIS controls development time and
interacts with JH and E to modulate growth rate and duration. This section discusses how the IIS
controls body size, metabolism, and its role in starvation resistance, but there is a fair amount of
overlap with section 2.2.3 which should be considered in tandem.
Terminal Growth Period, Disc Growth, and Final Adult Size
While critical weight is the minimum threshold of growth required to commit to
pupariation, it is by far smaller than the final size that larvae achieve before pupariating while in
the presence of food. The terminal growth period (TGP) is the time between attainment of
critical weight in the early third instar and cessation of feeding at the onset of wandering, almost
two days later, and larval size can increase by 3x during this time (Mirth et al., 2005).
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Poor nutrition does not substantially affect the duration of the TGP, as maturation has
been switched to a nutrition-independent program (Mirth et al., 2009). However, nutrition
influences the rate of growth which affects final organ size via the IIS pathway (Shingleton et al.,
2005; Shingleton et al., 2007; Shingleton et al., 2008).
Discs differ in their growth rate response to IIS and in their disc-specific TGP
(Shingleton et al., 2008). Some organs scale in size together and can be said to be isometric in
their scaling relationship. This would indicate that their sensitivity to IIS and TGP were similar.
If two organs are isometric, but differ in their respective TGPs, then it is predicted that their
sensitivity to IIS will be different. Variations in whole body IIS might produce subtly altered
body allometry in organs that are otherwise isometric. For example, the eye and wing discs are
approximately isometric but differ in their TGPs (Basler & Hafen 1989; Milán et al., 1996)
which predicts that their IIS sensitivity is different.
Reduced nutrition, and therefore reduced IIS, usually results in smaller individuals with
proportionately smaller organs (Mirth et al., 2016). Certain organs such as male genitals do not
scale with body size under altered nutrition and are thus hypoallometric (Shingleton et al., 2005).
This is due to reduced FOXO expression and therefore greater insulin signaling even in the
absence of nutrition and less insulin “sensitivity”, which renders the discs resistant to starvation
(Tang et al., 2011). Additionally, it is hypothesized that different genotypes between individuals
and between species will change IIS signaling and therefore the scaling of organs (Mirth et al.,
2016).
Insulin sensitivity can be determined by genotype in humans as well. For example, while
it is known that obesity is a heterogenic condition, the likelihood of developing Type II Diabetes
is 3.45 times greater, irrespective of BMI, in individuals with certain gene variants (Läll et al.,
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2017). Altered IIS in the SS population might therefore be a mechanism by which starvation
resistance is supported. Whole body alterations of IIS may express as a deterioration of the
scaling relationship. Evidence of this might be found in altered body size and organ allometry
which could be screened for in the SS population. However, lack of this phenomena would not
prove that IIS sensitivity is unchanged.
Insulin sensitivity of different organs during development controls their size and body
allometry through ecdysone. In the dung beetle, Onthophagus taurus, low nutrition keeps JH
levels high longer into the last day of the final instar and as a result, a small pulse of ecdysone
(resembling one of the three small pulses of ecdysone in the third instar of Drosophila) is
produced instead of the developmental program progressing as normal. This small pulse of
ecdysone leads to reduced IIS/TOR sensitivity in the horn disc causing them to grow slowly,
giving rise to a small pair of horns on a body that is only slightly growth stunted (Koyama et al.,
2013). Therefore, IIS and ecdysone have mechanisms by which they may change body size and
body allometry in response to nutrition or to starvation selection.
The Fat Body Regulates IIS via Humoral Factors
In response to the availability of nutrition, the fat body releases humoral signals that
result in the release of dilps from the IPCs in the brain (Géminard et al., 2009). Starvation or
absence of the fat body derived signal results in the accumulation of dilps in the IPCs and a
reduction of systemic growth. Many such humoral factors have been identified that act like the
fat body derived signal.
The gene coding for the GTP-binding protein (G protein)–coupled receptor methuselah
(mth) is required in the IPCs for normal larval body growth. The fat body-secreted peptide
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ligand of methuselah, stunted, stimulates dilp secretion in response to amino acids (Delanoue et
al., 2016).
The nutrient-sensitive peptide CCHamide-2 is expressed in the fat body and in the gut
and is an appetite-stimulating neuroendocrine peptide (Ren et al., 2015). It signals to the IPCs in
the brain through a receptor whose mammalian ortholog is an orphan receptor found on β-islet
cells of the pancreas, although its role in regulating blood sugar in humans is unknown (Sano et
al., 2015). CCHamide-2 mutants have reduced feeding, and reduced expression of dilps, delayed
development, and reduced locomotor activity.
The fat body secretes both Drosophila acid-labile subunit (dALS) and Imaginal
morphogenesis protein-late 2 (Imp-L2) to regulate the IIS. Both have orthologs in humans, with
Imp-L2 displaying sequence homology to insulin-like growth factor binding protein 7 (IGFBP-7)
and dALS being the Drosophila version of the human gene by the same name. Dilp2 forms a
trimeric complex with the dALS and Imp-L2 proteins, becoming sequestered. This results in
antagonism of the IIS and reduction in insulin-dependent growth, and by decreasing sensitivity to
hyperinsulinemia would promote survival. Downregulation of the IIS by Imp-L2 results in
extended lifespan (Alic et al., 2011), underscoring how this molecule is related to stress
resistance and therefore potentially starvation resistance. Deletion of Imp-L2 causes an
overgrowth phenotype and delayed pupariation (Honegger et al., 2008; Sarraf-Zadeh et al.,
2013), as is seen in the SS population. dALS also functions to mobilize lipid stores from fat cells
for circulation. Theoretically, a reduction in dALS might decrease fat mobilization, leading to an
imbalance in fat metabolism and accumulation of extra fat as seen in the SS population.
Neural Lazarillo (NLaz) is another fat body secreted protein that negatively modulates
the IIS. Loss of Nlaz results in flies that are bigger with enhanced peripheral IIS (Hull-
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Thompson et al., 2009). Nlaz is a Drosophila lipocalin family member homologous to human
retinol-binding protein 4, increased expression of which is related to obesity and insulin
resistance in children (Reinehr et al., 2008).
The fat body produces Growth-Blocking Peptides 1 & 2 (GBP1 and GBP2) in response to
TOR-mediated amino acid sensing that causes insulin secretion from IPCs and therefore regulate
body size by controlling growth rate (Koyama and Mirth, 2016). Blocking both GBP1 and
GBP2 (but not GBP1 alone) increases the duration of L3 in a manner that phenocopies the SS
flies. However, these animals have a smaller body size due to reduced growth rate.
In the fed state, Unpaired-2 (Upd2), a functional homolog of human Leptin, is secreted
by the fat body and its transcription level is sensitive to fats and sugars (Rajan and Perrimon,
2012). Upd2 acts to allow dilp secretion through JAK-STAT activation of GABAergic neurons
that have inhibitory projections onto the IPCs (Rajan and Perrimon, 2012). In humans, leptin is a
satiety signal and deficiency results in severe overeating and extreme obesity early in childhood
that can be rescued with leptin injections (Paz-Filho et al., 2010). However, most adult-onset
obesity is not associated with a leptin deficiency, but rather, high levels of leptin (Ahima, 2008).
Obese individuals did not experience weight loss greater from leptin injections greater than the
placebo group, indicating some level of leptin resistance or lack of sensitivity (Zelissen et al.,
2005).
The fat body is also the source of a family of imaginal disc growth factors (IDGFs)
(Kawamura et al., 1999). The growth of imaginal discs can regulate maturation and organismal
growth via dilp8 signaling (section 2.2.3).
The fat body controls the IIS in response to levels of oxygen via humoral control of IPCs.
Reduced oxygen in the fat body disinhibits activity of Hypoxia-inducible factor 1 alpha (HIF-1a)
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in the fat body that causes secretion of a humoral factor the controls the IIS by inhibiting IPC
expression and release of dilps (Texada et al., 2019).
In response to a low protein diet, the fat body-derived cytokine TNF Eiger acts through
the TNFR Grindelwald on IPCs to limit expression of insulin genes via JNK-dependent
inhibition (Agrawal et al., 2016).
The fat body acts as a relay that communicates nutritional status to the brain and body
controlling maturation and growth. Changing nutritional input could exacerbate any differences
in the nutrient sensing pathways of the SS population.
The IIS Modulates Starvation Resistance
Reducing insulin signaling by ablating the IPCs in the brain specifically in the third instar
results in lower female fecundity, increased storage of lipids and carbohydrates, elevated
resistance to oxidative stress and increased lifespan (Broughton et al., 2005). These
characteristics lead to an increased starvation resistance. Indeed, starvation resistance is nearly
doubled in flies with the chico1 null mutation (Clancy et al., 2001; Oldham et al., 2002).
To support growth in non-feeding stages, dilp6, similar to vertebrate insulin-like growth
factor (IGF), is needed (Okamoto et al., 2009; Slaidina et al., 2009). Dilp6 reduces dilp2
secretion from the brain (Bai et al., 2012). Starved larvae have reduced expression of dilps 3 and
5 (Ikeya et al., 2002) and this is likely due to the absence of upregulation from dilp2. Dilp6 also
extends lifespan and supports starvation resistance in the adult. Dilp6 specifically targets
oenocytes to upregulate their IIS, resulting in turnover of lipids that promotes starvation
resistance (Chatterjee et al., 2014).
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Hyperglycemia, Hyperinsulinemia and Insulin Resistance
Nationally, 13.0% of adults have diabetes (Centers for Disease Control and Prevention,
2020). The disease is characterized by peripheral insulin resistance and impaired insulin
secretion from pancreatic β-cells. Early on in Type II Diabetes (T2D) the pancreas can
compensate for the peripheral insulin resistance by producing more insulin that can sequester
circulating sugars into liver and fat cells, maintaining glucose homeostasis.
Despite some differences between mammalian and Drosophila sugar metabolism, flies
model many aspects surprisingly well, including mechanisms of diabetes and insulin resistance
(reviewed in Alfa and Kim, 2016; Graham and Pick, 2017; Musselman and Kühnlein, 2018).
For example, dilp deficiency from IPC ablation or genomic deletion can produce a Type I
Diabetes (T1D) phenotype including growth defects and hyperglycemia (Graham and Pick,
2017; Zhang et al., 2009). Altered diets can produce a Type II Diabetes phenotype (Birse et al.,
2010; Musselman et al., 2011).
Circulating blood sugars differ between humans and flies. Simple sugars are absorbed
from the fly digestive tract and processed by the fat body into trehalose. Trehalose is a nonreducing sugar comprised of two glucose monomers. Trehalose predominates in the fly
hemolymph as opposed to glucose in humans. Glucose is found in very low levels in the fly
hemolymph, on the order of less than 1% the levels of trehalose (Shukla et al., 2015). Therefore,
some complications of high blood sugar, such as non-specific protein glycosylation, are not
modeled in the fly without further manipulation. Interestingly, hemolymph glucose
concentrations decrease with increasing larval density (Ugrankar et al., 2015), potentially linking
these phenomena to extended larval development.
In both flies and humans, excess dietary carbohydrates are converted into fat (Flatt,
1970). In flies, both a high sugar diet (HSD) and a high fat diet (HFD) result in obesity,
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increased starvation resistance, insulin resistance, and are a model of T2D. Initially, dILPs are
elevated in response to the excess nutrition, however peripheral insulin resistance develops, ILP
levels decrease, and hyperglycemia results (Birse et al., 2010; Heinrichsen and Haddad, 2012;
Morris et al., 2012; Musselman et al., 2011; Skorupa et al., 2008). Conversely, hypoglycemia
can also result in obesity and starvation resistance. Genetic mutants that disrupt adipokinetic
hormone signaling result in a failure of lipid mobilization from the fat body, causing the
observed phenotype (Gáliková et al., 2015; Grönke et al., 2007; Kim and Rulifson, 2004; Lee
and Park, 2004; Sajwan et al., 2015).
Insulin resistance can also be genetically induced by knocking out the insulin receptor in
the whole body or in the fat body alone (Park et al., 2014; Tatar et al., 2001). Tissues failing to
respond to insulin and take up circulating sugars from the hemolymph results in hyperglycemia
and elevated circulating free fatty acids (Samuel and Shulman, 2012).
In humans, insulin resistance might in fact be caused by lipid accumulation in peripheral
tissues, including the liver and adipocytes (Samuel and Shulman, 2012). In Drosophila,
increased IIS in the fat body alone is enough to increase lipid accumulation (DiAngelo and
Birnbaum, 2009). This supports a model whereby tissue-specific IIS modulations might create a
complex phenotype in the SS population.
Insulin resistance might also be enacted by secreted proteins, such as Secreted decoy of
InR (SDR) or Acid-labile subunit (ALS), that reduce the activity of ILPs by sequestering them,
(Arquier et al., 2008; Okamoto et al., 2013).
Male flies with hypertrehalosemia (high circulating blood sugar trehalose) caused by
insulin-deficiency show increased locomotor behavior, but it can be rescued by JHA application,
interestingly (Belgacem and Martin, 2006). The mechanism is currently unknown, but it is an

112

example of how interrelated the IIS and hormone signaling are and their profound outcomes on
physiology and behavior that could affect starvation resistance in non-canonical ways.
Flies with reduced insulin signaling via genetic ablation of the IPCs show increased
fasting blood sugar (trehalose) and increased storage of lipids and carbohydrates, which is
similar to the diabetic phenotype in humans (Broughton et al., 2005). Decreased insulin
signaling also reduced fecundity and reduced tolerance to thermal stress but caused an extension
of median and maximal lifespan and increased resistance to oxidative stress and starvation.
Decreased insulin signaling in the presence of adequate nutrition could allow the SS population
to store more fat and could be the mechanism behind the proposed tradeoff between fecundity
and starvation resistance.
Adipokinetic hormone (Akh) is the insect homolog of glucagon. It is produced in the
corpus cardiaca (CC) and then circulates to target tissues such as the fat body where it regulates
fat lipolysis and glycogen breakdown to modulate levels of circulating fat and sugar in the
hemolymph. Akh is necessary to control high sugar diet-induced hyperglycemia in an insulinindependent manner (Song et al., 2017). The fat body relays signals from the midgut to
modulate the activity of Akh. Activin-β from the midgut acts on the fat body through an activin
type I receptor to promote Akh receptor activity in the fat body. Akh signaling in the fat body is
needed to activate the lipase Brummer (bmm) (Grönke et al., 2005). Loss of bmm creates obese
flies that have an impairment in lipid mobilization. As one of the most well-defined obesity
associated genes in Drosophila, it was interesting to note that it is downregulated in the SS
population in the white prepupae stage (Hardy, 2016).
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4.2.3 Target of Rapamycin Pathway (TOR)
Target of rapamycin (TOR) is a conserved Ser/Thr kinase that inactivates 4E-BPs,
stimulates ribosome biogenesis and initiation of translation, and thus cell growth in response to
nutrition downstream of IIS (Wullschleger et al., 2006). In a nutrient-deficient environment or in
the presence of rapamycin, TOR does not signal, and insulin-like signaling is blocked. TOR is
regulated by many inputs which can be grouped as growth factors, nutrients, energy, and stress.
Loss of TOR signaling in the fat body causes a decrease in body size that mimics
starvation or loss of insulin signaling (Colombani et al., 2003; Koyama and Mirth, 2016).
Reduced protein sensing by the TOR in the fat body might cause a decrease in PG size via IIS
and TOR and therefore reduce ecdysone production (Koyama and Mirth, 2018).
Insulin Signaling and TOR Coordinate Development with Nutrition
There is overlap and crosstalk in the IIS and TOR pathways in response to nutrition. The
IIS governs systemic growth and is not just related to modulating circulating blood sugar through
glucose uptake or synthesis of glycogen or fatty acids in response to dietary sugar alone. The IIS
pathway is linked to TOR through Rheb and TSC1&2, and TOR sends feedback through S6K to
Insulin Receptor Substrate (IRS) 1-4 (reviewed in Reynolds et al., 2007). The Drosophila IIS
modulates the outcomes of TOR signaling by impacting translation regulation, and it does so
independently in different organs, such as the fat body, the gut, and the ovaries (Essers et al.,
2016).
As a nutrient sensing organ, the fat body is a prime location for IIS and TOR cross talk.
Many of the humoral factors secreted by the fat body that control the IIS are secreted in response
to TOR signaling, such as Eiger, Stunted, CCHamid2, and GBP1&2 that all respond to dietary
protein.
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For an example in humans, it may be surprising to some proponents of low-carbohydrate
diets that a gram of protein elicits the same rise in blood sugar and subsequent insulin response
as does a gram of carbohydrate (Rietman et al., 2014). Some body builders with high dietary
protein intakes can become insulin resistant. The same seems to be true in Drosophila as both a
diet high in sugar and high in yeast (protein) cause a reduction in insulin signaling associated
with insulin insensitivity (Morris et al., 2012).
TOR Regulates Ecdysone Synthesis via Cholesterol Trafficking in the Prothoracic Gland
The control of cholesterol trafficking regulates steroidogenesis by modulating availability
of substrate for steroid production. The PG was found to be a suitable model for mitochondrial
cholesterol transport and steroid biosynthesis (Moulos et al., 2018). TOR signaling in the PG
upregulates cholesterol trafficking and uptake in response to nutrition, whereas EcR
downregulates it during the non-feeding wandering stage. (Danielsen et al., 2016). Further,
autophagy in the PG and alteration of cholesterol trafficking to reduce ecdysone production was
found to be a mechanism of how pre-critical weight larvae prevent premature commitment to
pupariation in starved or nutrient-poor conditions (Pan et al., 2019).
An ecdysone-responsive isoform of Broad (Br-Z4) that is involved in the positive
feedback cycle of ecdysone signaling regulates cholesterol substrate delivery to the PG to
increase ecdysone production during the positive feed-back phase (Xiang et al., 2010).
Regulation of isoforms might be a mechanism selected for in the SS population to produce a
reduced ecdysone production phenotype that is sensitive to nutritional status.
Smt3 is a protein responsible for SUMOylation, an attachment of a ubiquitin-like
molecule SUMO to various proteins to modulate their activity. Knockdown of smt3 specifically
in PG cells results in a down regulation of ecdysteroid synthesis genes, and genes related to

115

cholesterol trafficking and lipidogenesis, which may explain the reduced ecdysteroidogenesis
(Talamillo et al., 2008). These animals grow into giant larvae that never pupariate. Our SS flies
have a smaller delay and smaller overgrowth phenotype, but it may match the pattern of the smt3
null mutants. For additional consideration, smt3 transcripts are deposited in eggs by the female,
and this could perhaps be one mechanism that allows communication of the nutritional and
environmental state to the fly’s offspring. However, to illustrate the fact that smt3 modifies a
wide range of proteins throughout the body and at different stages of development, Smt3 null
mutants are embryonic lethal (Talamillo et al., 2008).
4.2.4 General Amino Acid Control Pathway (GAAC)
Diet quality is assessed by sensing the amino acid arginine in the environment and
hemolymph by ppk (pickpocket-expressing) neurons via the amino acid transporter slimfast
(Jayakumar et al., 2018) which is best known for its expression in the fat body to take up amino
acids. The slimfast transporter has an affinity for arginine and uses it to measure protein
availability and dietary protein quality. These neurons govern larval preference for argininecontaining substrates. Also, this neuronal circuit enervates the ring glands that produce ecdysone
to allow larvae to pupariate on a protein-deficient diet (Jayakumar et al. 2018).
The protein leverage theory in humans proposes that dietary protein content is the driving
force for appetite, and that decreased protein-to-carbohydrate or -fat ratios in modern food leads
to risks of overconsumption of calories. A controlled feeding study which set participants on a
28-day diet ad libitum with either 10, 15, or 25% protein showed that a dilution of dietary protein
increased hunger, appetite, and led to weight gain (Gosby et al., 2011).
Despite the potential of high protein diets to reduce the risk of obesity in humans, overly
high protein diets in model organisms have been shown to be detrimental to lifespan (Bruce et
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al., 2013; Runagall-McNaull et al., 2015), possibly due to increased resource allocation to
reproduction (Skorupa et al., 2008), food toxicity (Ayala et al., 2007), or as fuel for cancers
(Levine et al., 2014; Fontana et al., 2008). However, in humans, when the high-protein source
was plant-based instead of animal based, the association of protein levels and mortality was
abolished, indicating that animal protein was associated with increased mortality (Levine et al.,
2014). Overall, this demonstrates a need for optimization of protein intake.
Caloric restriction (without malnutrition) has been robustly shown to increase lifespan in
model organisms but at the cost of body size and fecundity (Al-Regaiey, 2016). In humans, such
diets are generally unpleasant and hard to maintain (Roth and Polotsky, 2012). In Drosophila,
fecundity can be restored on a calorie restricted diet that has been fortified with a mix of
essential amino acids (EAAs), but this also reduces the increased lifespan benefit of dietary
restriction (Grandison, et. al, 2009). Restriction of only the essential amino acid methionine in
food can increase lifespan in mice and flies, mimicking total caloric restriction (Troen et al.,
2007; Lee et al., 2016). The low methionine content of vegan diets might underlie some of its
protection against the increased mortality associated with animal protein diets (McCarty et al.,
2009). Piper et al. (2017) showed that fly and mouse body size, lifespan, and fecundity could be
optimized if their ad libitum diets contained an amino acid (AA) ratio that aligned with their
exomes (AA ratio of all transcribed regions of the genome). Taken together, this shows that diet
quality is determined by amino acid composition and not just protein content, and that amino
acid sensing and signaling could be an important determinant of body size, development time,
starvation resistance, and lifespan.
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4.2.5 Larval Nutrition Affects the Development Program and Adult Starvation Resistance
It may seem obvious that the intake of nutrition determines the rate and duration of
development, however the mechanisms are extensive, overlapping, and nuanced. For example,
Hedgehog (Hh) signaling is normally associated with acting as a morphogen gradient and
patterning appendages, but it also occurs in the gut as a special lipoprotein-associated form (lipoHh) in response to lack of nutrition (Rodenfels et al., 2014). It is then circulated where it can act
directly on the PG to regulate ecdysone biosynthesis to delay pupariation. It also has a signaling
role in the fat body. Interestingly, Hh is also modified by cholesterol, further demonstrating its
role in nutrition sensing (Ingham et al., 2011). It is also required for the mobilization of
triglycerides, making it important to starvation resistance (Rodenfels et al., 2014). Further, it has
been related to lipid and sugar metabolism in flies and in mice (Pospisilik et al., 2010; Teperino
et al., 2012). All of this demonstrates that well-known and seemingly understood relationships
and processes have complex and overlapping mechanisms, especially regarding organismal
growth. A thorough and current review can be found from Texada et al. (2020).
Some Diets Cause Starvation-Selection-Like Phenotypes
A larval high sugar diet (HSD) is known to result in smaller pupae that have more fat
stores and delayed larval development (Musselman et al., 2011). The HSD also acts as a proteinrestricted diet (a potent inhibitor of larval growth) because the excess sugar displaces the other
ingredients in the food and limits how much the larvae can consume to compensate for this effect
(Fellous & Lazzaro, 2010). A yeast poor diet can reduce the arborization of certain serotonergic
neurons onto the PG, resulting in delayed development (Shimada-Niwa and Niwa, 2014). A low
protein diet causes delayed development and increased adult lifespan (Krittika et al., 2019),
demonstrating the power of larval diets to improve adult stress tolerance, including starvation
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resistance. These diet alterations (high sugar & low protein) partially phenocopy our SS flies
that are fed a normal diet, suggesting that alterations in these pathways may contribute to
starvation resistance of the SS population.
It is important to note that the HSD in these experiments has a similar carbohydrate
proportion to a banana, a natural food source for Drosophila. This raises the possibility that
larvae might be “naturally” hyperglycemic in the wild (Graham and Pick, 2017; Musselman et
al., 2011). As circulating sugars are converted into trehalose, a non-reducing sugar, it is
plausible that hyperglycemia in larvae would not be a detrimental condition requiring
modulation. Hemolymph trehalose levels in larvae may vary with the food source instead of
being as tightly homeostatically regulated as glucose in humans. Similarly, standard diets in the
lab may also cause insulin resistance. Crivat et al. (2013) monitored translocation of transgenic
human glucose transporter GLUT4 in Drosophila and found a weak response on the standard lab
diet that was enhanced on a sugar-reduced diet. Therefore, the effects of the altered diets should
be evaluated qualitatively.
Although there are many examples of the ability to preferentially select food sources that
result in considerably different developmental outcomes (Semaniuk et al., 2018; Rodrigues et al.,
2015; Almeida de Carvalho and Mirth, 2017; Bowman and Tatar, 2016; Gray et al., 2018; Lee et
al., 2013), larvae normally make food preference choices that minimize development time
(Rodrigues et al., 2015). Additionally, the SS population probably cannot significantly or
reproducibly change their diet through preferentially eating different sub layers that could
possibly form within the food (e.g., growing wild yeasts, sugar crystallization, settling cornmeal
flakes) to consistently display the robust starvation resistance and associated phenotypes. In lieu
of this, perhaps how they utilize or sense the nutrition within the normal diet might be altered.
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Modified Nutrient Sensing Pathways
If the SS population truly phenocopies the high sugar and low protein diets, it would
indicate that the animals may suffer genetically-induced insulin resistance or low protein
availability, either real or perceived, and could be due to many different, perhaps organ-specific,
gene alterations, potentially working in concert. Feeding them a high sugar or low protein diet
would potentially exacerbate this effect. If the SS population has a differential response to the
diet than the FC population, then it indicates that there are changes in nutrient sensing and/or
utilization. The magnitude of the potential change will give insight into the relative importance
of this mechanism in starvation resistance.
If the larvae of the SS population limit their protein utilization or modulate the rheostat
that senses available amino acids, wandering and pupariation may be delayed because the larval
imaginal discs do not reach their final size on time due to amino acid restriction or organ-specific
lack of amino acid sensing (e.g., fat body, PG, or discs). The SS population adults do not appear
to have larger bodies or eyes (Fig. 1.3; Hardy, 2016), but the SS population does exhibit a 30%
increased trend in overall body protein (Fig. 1.2B) and body part size remains to be precisely
quantified. The trend in increased total protein may possibly be accounted for by their larger
abdomens required for storing fat but needs to be further investigated and quantified. So, while
it is assumed that body and organ size is equivalent, and that therefore imaginal discs terminate
growth at the same size, this remains an avenue for further study which might detect differing IIS
sensitivity, altered TGP, loss of allometry, or selection for bigger animals.
Protein is a limiting factor in larval diets controlling time to pupariation and eclosion.
Reis found that diets with four times the protein accelerate larval development while four times
the carbohydrates (sugar) delay development and four times the lipids caused no change (Reis,
2016). It could be that a real or perceived limitation of protein contributes to the delayed
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development of the SS population. Besides receiving systemic signals about nutrition and
growth from the fat body and IPCs, the PG’s autonomous growth is responsible for coordinating
maturation.
Nutrition and hormones control development time and body content, and thus contribute
to starvation resistance. Changing the development time by perturbing these systems will reveal
its contribution to adult starvation resistance. Variations between the FC and the SS population
on any particular treatment may reveal a potential mechanism by which the SS population has
evolved to be starvation resistant. Altered larval diets or fasting were used to change nutrition,
and hormone exposure was directly altered by adding exogenous hormones to the diet.
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4.3 Methods
The experiments described below were performed after 120 to 135 generations of starvation
selection.
Larval Fat and Protein Content
Larvae staged at hatching as described in previous chapters were collected at 4hr
intervals during third instar. At each time point for each population, three groups of 3-5 larvae
were collected and frozen at -20°C for future fat or protein content assays. Larvae homogenates
were created by the same process as fly homogenates described in previous chapters.
Starve at FC Wandering
Larvae were synchronized at hatching as described in previous chapters. At 90hrsALH
or when >50% of FC larvae were expected to be at the wandering stage, both SS and FC larvae
were moved from the food and either put onto non-nutritive agar or back onto food as a handling
control “mock” treatment. Development time to pupariation was recorded. Adults were
collected in 12-hour intervals as they eclosed and either subjected to a starvation assay or frozen
for subsequent fat content or protein content assays.
20E Feeding
Third instar SS and FC larvae synchronized at hatching were aged on normal food at
25°C under constant light in the manner described above. At 60hrsALH, in triplicate per
population and treatment, 25 larvae were collected from the food and transferred to a vial with
either 2mL of food containing 20E (0.54mg/mL) in 5% ethanol (vehicle) or vehicle alone, on top
of 10mL of agar (to prevent the small volume of food from drying out). The treatment food was
prepared with 740ug 20E in 370uL 5%EtOH added to 1mL food for a total of 740ug/1370uL
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total volume equaling 0.54ug/uL conc. of 20E, which is empirically the amount Reynolds (2013)
determined that was required to induce pupariation in the SS population (2x the conc. that
rescues ecdysone-deficient mutants). Vials were assayed for the time to pupariation and then
newly eclosed adults were collected and subjected to a starvation resistance assay or frozen for
subsequent fat content or protein content assays.
20E Recipe:
3vial x 2pop x 2mL x 740ug 20E = 8,880 µg 20E in 4.4mL 5%EtOH into 12mL food
8.8mg 20E into 16.4mL total final volume = 0.54ug/uL
0.54g/L *1mol/480.6g 20E molecular mass = 0.0011236 M *1000mM/M = 1.12mM
αEcdysone Feeding
Third instar SS and FC larvae synchronized at hatching were aged on normal food at
25°C under constant light in the manner described above. At 52hrsALH, in triplicate per
population and treatment, 25 larvae were collected from the food and transferred to a vial with
3mL of dosed food on top of 10mL of non-nutritive agar (to prevent the small volume of food
from drying out). Vials were assayed for the time to pupariation and then newly eclosed adults
were collected and subjected to a starvation resistance assay or frozen for subsequent fat content
or protein content assays. The dosed food was prepared at 0.5mM αEcdysone (464.6 g/mol)
according to the calculations provided below.
αEcdysone Recipe:
0.5mM in 3vials*3mL*2pops = 18mL
0.5mM αEcdysone in 18mL total volume
0.0005mol/L *464.6g/mol*1L/1000mL *18mL*1000mg/1g = 4.18mg αEcdysone
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4.18mg αEcdysone in 1mL 95% EtOh plus 1mL H2O, mixed, and into 16mL of food =
final conc of 0.5mM αEcdysone in 18mL total volume
Solubility of αEcdysone in ethanol is 20mg/mL
For vehicle: 16mL food plus 1mL EtOH and 1mL H2O
Dietary Treatments
Larvae were staged at hatching as previously described and were reared in 25 count per
vial on either the Normal Diet (ND), High Sugar Diet (HSD), High Yeast Diet (HYD), or a highsugar and high-protein diet referred to as a “Rich” Diet (RD) at 25°C under constant light. Diets
were formulated by increasing a major ingredient of the standard sucrose-yeast-cornmeal recipe
by three times the normal amount; sugar for HSD, yeast for HYD, and both for RD. See Table
4.1 for ratios. While sucrose is 100% carbohydrates, yeast is only 44% protein and 33%
carbohydrates, meaning that a direct scaling of carbs to protein was not able to be achieved while
adhering to our limited-ingredient food recipe that the SS population had been reared on for
greater than 130 generations. Yeast provides many nutrients that may be responsible for growth
and development, but Grandison et al. (2009) showed that it is the protein component of yeast
that is important for normal development, and this finding was confirmed by Broughton et al.,
(2008). Time to pupariation, adult starvation resistance, fat content, and protein content were
assayed and compared between treatments and between populations.
Additional diets with varying yeast were also tested. Normal Diet with live yeast
sprinkles of granulated RED STAR brand baker’s yeast (ND + live yeast), and a carbohydratematched Low Yeast Diet supplemented with cholesterol (LYD +chol) which had half of the
amount of yeast in the recipe as the ND but was also supplemented with 1% w/v cholesterol.
The LYD was supplemented with cholesterol at 1mg/100mL in order to account for
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Drosophila’s cholesterol auxotrophy (Am et al., 2006). Cholesterol was dissolved in 1mL hot
(60-70°C) ethanol, vortexed for 1min (due to its low solubility), and then mixed into warm food
(60-70°C). The LYD used half the amount of yeast as the ND and this was determined to be
necessary because very few (<5%) of the SS larvae survived to pupariate on no-yeast or lowyeast (5% yeast of ND) diets, despite cholesterol supplementation, as opposed to about 15%
pupariation and eclosion of the FC population (unpublished observation). As yeast contains 33%
carbohydrates, the LYD was also supplemented with additional sugar to carbohydrate-match the
ND. LYD +vehicle and LYD +empty were also used as controls.
To investigate the potential effect of adding cholesterol in ethanol vehicle, a ND +chol
and ND +vehicle were also used in tandem for comparison. These diets had the same cholesterol
in ethanol or ethanol alone added but did not need to be carbohydrate-matched like the LYD.

A
ND
HYD
RD
HSD
LYD

grams in 2.2L batch
Sucrose

Yeast

Corn
meal

150
150
450
450
159

52
156
156
52
26

94
94
94
94
94

Sucrose
100%
Carb

150
150
450
450
159

B
ND
HYD
RD
HSD
LYD

Yeast

Cornmeal

33% Carb

44%
Protein

17.2
51.5
51.5
17.2
8.6

22.9
68.6
68.6
22.9
11.4

Protein:Carb
ratio
0.21
0.37
0.17
0.09
0.16

%Protein
1.7%
3.4%
3.1%
1.5%
1.3%

Total (g)

41% Carb

22%
Protein

Carb

Protein

38.5
38.5
38.5
38.5
38.5

20.7
20.7
20.7
20.7
20.7

205.7
240.0
540.0
505.7
205.7

43.6
89.3
89.3
43.6
32.1

% Yeast
18%
39%
22%
9%
9%

Table 4.1 Diet Recipes and Composition
(A) Ingredients in a 2.2L batch in grams, showing total carbohydrates and proteins in grams. (B)
Protein:carbohydrate ratio, % protein (grams per total grams solid ingredients), and % yeast (grams per total grams
solid ingredients) for each dietary treatment. Cell color scales represent relative value within the column.
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Starvation Resistance Assay
Newly eclosed adults were collected in 8-12hr windows and sorted by sex while briefly
anesthetized on a CO2 pad. Females were moved into vials with 10mL 1% agar in groups of 5
per vial. For the first three days or until all of the FC flies were dead, vials were checked at least
twice per day and dead flies were counted. After only the SS flies remained, vials were checked
at least once per day for dead flies to be counted. After 10 days, starving flies remaining alive
were tapped into new agar vials to keep the flies on fresh agar.
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4.4

Results

4.4.1 Larval Fat and Protein Composition During Third Instar
To first assess any abnormalities in nutrient acquisition and growth during third-instar,
groups of larvae from a single cohort were assayed for their protein and triglyceride content.
The SS larvae gained protein at a similar rate as the FC, but did so for longer, resulting in greater
total protein (Fig. 4.1). The SS accumulated triglycerides more rapidly in addition to doing so
for longer, resulting in greater fat storage during the third instar (Fig. 4.2).
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Fig. 4.1 The Starvation-Selected Population Larvae Accumulate Protein at the Same Rate
as the Fed Control Population
Results were obtained from the bicinchoninic acid method. Data points represent the mean of
the three biological replicate samples, each of which is from an average of three technical
replicates, plotted against development time (hrsALH). Trendlines are linear. Error bars
represent standard error. An ANOVA confirmed there to be no difference based on selection
population for 52-92hrsALH.
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Fig. 4.2 The Starvation-Selected Population Larvae Accumulate Triglycerides More
Rapidly than the Fed Control Population
Results were obtained from the Infinity TG reagent method. The technical replicates from each
of three samples (biological replicates) were averaged to create three values, the mean of which
was plotted against development time (hrsALH). N=3-5 larvae per sample. Error bars represent
standard error. An ANOVA confirmed that there was a significant difference due to selection
population P<0.001 for 52-92hrsALH.
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4.4.2 Starve at FC Wandering
To address the contribution of the extra time spent feeding on adult starvation survival,
larvae of the SS population were fasted on non-nutritive agar at the time that 50% of the FC
population ceased feeding and entered the wandering stage. Time to pupariation and adult
starvation of newly-eclosed flies were measured and compared. Adult fat content and protein
content were also measured. To control for the larval manipulation in this experiment, larvae
from both populations were either moved onto agar (“starved” condition) or back onto food
(“refed” condition) as a handling control treatment.
Larvae from the FC population that were already wandering (a post-feeding stage) that
were then moved to agar had adult starvation survival that was no different from FC larvae that
were moved back onto food (Fig. 4.3; P>0.99). Larvae from the SS population at the time that
50% of the FC population was wandering, would normally feed for an additional 16hrs before
beginning to wander themselves (Fig. 3.5 and 3.7). SS larvae that were moved back onto food
resumed eating and pupariated about 16hrs later, comparable to undisturbed larvae (Fig. S3). SS
larvae that were moved onto agar also pupariated at a similar time 16hrs later (Fig. S3). As
adults, the SS larvae that were starved had reduced starvation survival compared with SS larvae
that were refed (Fig. 4.3; P<0.001). This indicates that the extra time spent eating contributes to
adult starvation survival. The reduction of starvation survival was significant in the three
independent experiments, with an average starvation survival reduction of 35.4hrs, or 17% of
total starvation resistance ability.
In accordance with the reduced starvation resistance, eliminating the extra time spent
feeding reduced the triglycerides and the protein of the SS newly eclosed adults. Average
whole-body TG was significantly reduced (P<0.001) by 76µg/fly (31% decrease) in the starved
treatment for the SS population (Fig. 4.4). There was also a decrease of mean TG in the FC
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population that was moved to agar at wandering of 12µg/fly (18% decrease) that was not
statistically significant (P=0.055) (Fig. 4.4).
Protein content of whole-body extracts in the SS “starved” treatment were significantly
reduced (P<0.01) by 34µg (or 19% less) compared to the SS “refed” treatment (Fig. 4.5).
Notably, the SS starved larvae were not statistically different from the FC “refed” (P=0.55) or
FC “starved” (P=0.054) treatments, which were similar to each other (P=0.35) despite the FC
“starved” treatment having a 14µg (or 11%) reduction from the refed condition (Fig. 4.5).
Restricted to the same amount of time to feed, the SS population still had 2.5x the
starvation resistance and 3.1x the triglycerides of FC, indicating that extra time spent eating in
the third instar contributes to, but does not make up the majority, of the SS phenotype.
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Fig. 4.3 Extended Larval Development Time Increases Starvation Resistance of the
Starvation-Selection Population
Bargraph showing averaged starvation survival time of newly eclosed adults from five
independent experiments for FC or SS larvae that were either moved back onto food (“refed”,
handling control treatment) or onto non-nutritive agar (“starved”) between 84-90hrsALH when
approximately 50% of the FC population had begun wandering.
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n=17

n=22

n=18

n=34

Fig. 4.4 Extended Larval Development Time Increases Triglyceride Stores of Newly
Eclosed Adults of the Starvation-Selected Population
Boxplots showing triglyceride stores (µg/fly) of newly eclosed adults from five pooled
independent experiments for FC or SS larvae that were either moved back onto food (“refed”,
handling control treatment) or onto non-nutritive agar (“starved”) between 84-90hrsALH when
approximately 50% of the FC population had begun wandering. The cross represents the mean,
the line represents the median, while the box represents the middle quartile and the lines extend
to the upper and lower quartiles, respectively. N represents number of pairs of flies assayed with
the Infinity TG method.
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Fig. 4.5 Extended Larval Development Increases Protein Stores of the Newly Eclosed
Starvation-Selected Adults
Boxplots showing protein stores (µg/fly) of newly eclosed adults from five pooled independent
experiments for FC or SS larvae that were either moved back onto food (“refed”, handling
control treatment) or onto non-nutritive agar (“starved”) between 84-90hrsALH when
approximately 50% of the FC population had begun wandering. The cross represents the mean,
the line represents the median, while the box represents the middle quartile and the lines extend
to the upper and lower quartiles, respectively. N represents number of pairs of flies assayed with
the bicinchoninic acid method. Letters represent statistical groups based on a Tukey post-hoc
test following an ANOVA using P=0.05.

FC fed
FC starved
SS fed
SS starved

FC fed
0.35
0.013
0.55

P-value
FC starved
SS fed

SS starved

<0.001
0.054

0.009

-

Table 4.2 P-values for Fed and Starved Treatments of Fed Control and StarvationSelected Populations for Fig. 4.5
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4.4.3 20E Feeding
To confirm that the SS population has reduced larval ecdysone production or signaling,
third instar larvae were reared on food containing exogenous hormones to attempt to rescue the
delayed development phenotype. The addition of 20E to FC larvae at 60hrsALH did not affect
development time. Hormone treatment was able to accelerate the average pupariation time in the
SS population by 8.7hrs (Fig. 4.6). Subsequent starvation resistance for the SS population was
reduced by an average of 36hrs (Fig. 4.7; P<0.001). This is the same value as the reduction in
starvation resistance in the SS population caused by starvation at FC wandering (Fig. 4.3).
Surprisingly, the FC population fed 20E also had a reduction of 7hrs (~15%) in their
already minimal starvation resistance (P<0.05), even though their larval development time was
not reduced (Fig. 4.7).
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Fig. 4.6. Addition of 20E Advances Pupariation in the Starvation-Selected Population
Bar graph showing average hours of advancement of pupariation for animals fed on 20E
supplemented food versus food with vehicle alone added from three independent experiments FC
N=113 and 221 and SS N=122 and 241 for +20E or +vehicle alone, respectively.
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Fig. 4.7 20E Feeding in Mid-Third Instar Reduces Adult Starvation Resistance
Grouped bar graphs represent average hours of starvation resistance for animals fed on 20Esupplemented food or on vehicle-supplemented food from three independent experiments.
N=11-32.

137

4.4.4 α-Ecdysone Feeding
One goal of the previous 20E feeding experiment was to see if exogenous hormone can
rescue any potential hormone deficiency causing delayed pupariation. The other goal was to
accelerate pupariation to limit the terminal growth period and then measure the subsequent effect
on adult starvation resistance. To these ends, the addition of 20E had a small effect which
removed less than half of the extended larval development and only 14% of the starvation
resistance. Other hormonal treatments that could advance pupariation further were investigated.
Ono et al. (2014) showed that while 20E can accelerate normal flies by 6hrs, E could increase
this to 12hr. This was done by feeding new third-instar larvae. I therefore fed αEcdysone at
52hrsALH instead of 20E at 60hrsALH as in the previous experiment.
αEcdysone accelerated pupariation in both the FC (-5hs±6hrs) and the SS population (18hrs±6hrs), but the hormone treated SS was not fully rescued to the same developmental time
as the vehicle treated FC (Fig. 4.8).
Compared to the previous experiment that added 20E later in development (Fig. 4.8),
αEcdysone was better able to speed up development in both populations. Due to the difference
in addition time of the hormones, these results cannot be directly compared to assess differences
in sensitivity of the SS population to these two hormones or potential for different effects on the
adult SR.
Larval αEcdysone feeding reduced adult starvation resistance significantly in both
populations (Fig. 4.9). The SS population suffered a greater relative percent reduction in SR,
perhaps indicating greater hormone sensitivity (Fig. 4.9B).
Hormone addition rescued the increased TG phenotype of the SS population to that of the
FC +vehicle and was also statistically no different from the FC +αEcdysone (Fig. 4.10A). The
treatment also had the effect of reducing protein in the SS population (Fig. 4.10B)
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Fig. 4.8 αEcdysone Feeding Accelerates Pupariation by a Greater Amount in the SS
Population as Compared to the FC
Staged larvae from each population were transferred in 25 count at 52hrsALH to each of three
new vials containing either αEcdysone in vehicle (ethanol and water) or vehicle alone. Time to
pupariation was recorded. N=74-75 for each group.
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individual flies. Error bars represent 95% confidence intervals.
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Fig. 4.10 Feeding αEcdysone Reduces Triglycerides and Protein in the Starvation Selected
Population Compared to Vehicle
Boxplots showing (A) triglyceride or (B) protein stores (µg/fly) of newly eclosed adults for FC
or SS larvae that were either moved to food supplemented with αEcdysone in vehicle (ethanol
and water) or vehicle alone at 52hrsALH. The cross represents the mean, the line represents the
median, while the box represents the middle quartile and the lines extend to the upper and lower
quartiles, respectively. N represents number of pairs of flies assayed with (A) the Infinity TG
method or (B) the bicinchoninic acid method. Letters represent significance groups as returned
by a Tukey post-hoc test following an ANOVA for each panel, using P<0.05.
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4.4.5 Altered Larval Diets
I have previously shown that the extended larval development contributes a small
percentage to the SS population’s overall starvation resistance (35.4hrs or 17%, Fig. 4.3), as
larvae that have been removed from food at the same time that FC stop feeding still eclose with
3.1x fat than FC adults (Fig. 4.4) and 2.5x the starvation resistance (Fig. 4.3). Since it is known
that the quality of the larval diet affects adult body size and body composition, and that these
contribute significantly to starvation resistance, it is notable that the extra time spent feeding
does not account for the majority of the increased starvation resistance. The longer terminal
growth period accounts for less than one-fifth of the SS population’s extreme SR. Therefore,
since it is not the extended larval duration that is primarily responsible for the major increase of
starvation resistance, other larval life history traits might be targets of starvation selection. It
was shown that the SS population stored fat at an increased rate during larval development (Fig.
4.2) and SS larvae moved to agar when the FC wander still eclosed with substantially more fat
than FC (Fig. 4.4). It is possible that nutrient sensing/utilization or metabolic programming
during the larval period influences the future starvation resistance ability of the adult. Rearing
larvae on a diet rich in the appropriate macronutrient might potentiate or rescue any potential
nutrient utilization or allocation abnormalities and thus allow us to detect if a nutrient pathway
has been altered. The delayed development may also therefore be a consequence, rather than a
main cause, of increased starvation resistance. An alternative explanation of their sustained
starvation resistance in the absence of extra larval development time is that genetic behavioral
and metabolic adaptations in the adult could be primarily responsible for the SS population’s
extreme starvation resistance.
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Development Time is Reduced by HYD while Added Sugar Opposes this Effect.
To find out if the SS population senses or utilizes nutrients differently during their
extended development, larvae were reared on diets that differ in their macronutrient ratios and
their development time was measured. The High Yeast Diet (HYD) resulted in an advance of
wandering and pupariation in both populations while the High Sugar Diet (HSD) and Low Yeast
Diet +cholesterol (LYD +chol) both delayed development in both populations (Fig. 4.11). The
increase of dietary protein in the RD as compared to the HSD appears to rescue the protein
displacement/dilution effect caused by the HSD but does not advance development as much as
the HYD, presumably because of the added sugar’s impact on nutrition utilization and not
displacement of the nutrients (Fig. 4.11). This indicates that dietary yeast advances larval
development while dietary sugar opposes this effect, and development time is not just due to
total protein content in the diet, in agreement with other studies previously discussed.
It is important to note that these developmental times are affected by the absence of live
granulated yeast that is usually sprinkled on top of a normal lab diet (Fig. 4.21). Extra
granulated yeast was omitted on the special food used for the diet experiments and therefore the
development data from the diet experiments cannot be directly compared to, or used in lieu of,
previously presented development time data.
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Fig. 4.11 Dietary Yeast Reduces Development Time
Average hours to pupariation after larval hatching on various larval diets differing in their
macronutrient ratio or composition are represented by patterned bars. Data shown as mean of
individual animals in one experiment. Error bars represent 95% confidence interval of the mean.
Letters show significance groups as determined by a Tukey post-hoc test following an ANOVA
using P<0.05.
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Development time is differently affected by larval diets in the SS vs FC population.
The magnitude of the change in pupariation time from the altered diets was compared
between populations (Fig. 4.12). The HSD increased the average difference in time to
pupariation by about 33.9 and 37.8 hours in FC and SS respectively which represents a similar
increase (P=0.057). The HYD reduced time to pupariation by 13.0 and 19.1 hours on average
for FC and SS, respectively, which represents a significant difference in response to the diet
between the populations (P<0.001). The RD also reduced time to pupariation, in this case by 2.0
and 5.3 hours on average, which also represents a differential response to the diets between the
populations (P<0.001) even though it is of small magnitude. The average difference in
development time on the diets was similar in the HSD, but different for the HYD and RD,
indicating that the dietary response to sugar only was similar but that dietary response to any
added protein was dissimilar between the populations. The SS population responded more
strongly than FC to added protein in the diet but responded similarly to sugar.
As the SS population already has a longer larval development, and since perhaps the diets
extended or contracted development time in the same manner relative to each population’s norm,
it was necessary to compare the relative developmental time changes from the diets in addition to
the absolute changes previously compared. The same absolute change in development time
would represent a smaller overall percent change in the SS population because their development
is already longer. Instead of comparing the difference in average hours of development as
caused by the diets (Fig. 4.12A), the average of the percent difference from the population’s ND
treatment was compared to account for their differing development times on ND (Fig. 4.12B).
The HSD previously resulted in the similar number of hours difference, but in average
percent difference from each population’s ND, the FC development was extended by 33% and
the SS by 29% and the difference was indeed significant (P<0.001) (Fig. 4.12B), with the SS
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population responding less strongly than the FC. The HYD caused a 12% and 15% advance in
the FC and SS development, respectively, and was still significantly different (P<0.001). The
RD caused a 2% and 4% advance in the FC and SS development, respectively, and was also
significantly different (P<0.001). The SS maintained the pattern of responding more strongly to
the added dietary protein than the FC. This confirms that regardless of measuring absolute or
relative hours change in larval development on various diets, the protein-added diets cause a
different, stronger, response in the SS population vs the FC, and that the HSD seems to cause
less of a delay in the SS, relative to their extended normal development time.
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Fig. 4.12 Dietary Yeast Content Affects the Development Time of Starvation-Selected
Population Differently than the Fed Control Population
(A) Average hours difference in pupariation time or (B) average of percent difference in
pupariation time as compared to the population’s ND pupariation time. Error bars represent 95%
confidence interval of the mean. A one-way ANOVA was used to compare different populations
on the same diet. *P<0.05, **P<0.01, ***P<0.001.
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Development time is accelerated by dietary yeast content independent of protein:carbohydrate
ratio
To assess the effect of varying ingredient composition (and thus macronutrient
composition) of larval diets on development time, larvae were reared on diets that differ in their
macronutrient ratios and compositions. The High Yeast Diet (HYD) and Rich Diet (RD) both
resulted in an advance of pupariation in both populations while the High Sugar Diet (HSD) and
Low Yeast Diet (LYD) delayed development in both populations (Fig. 4.11 and Fig. 4.12).
Development time was plotted against dietary protein, dietary yeast, and
protein:carbohydrate ratio to reveal any trends (Fig. 4.13). Development time correlated best
with % yeast in the diet (grams per total grams of solid ingredients) (Table 4.3), where more
yeast results in accelerated development (shorter time to pupariation).
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Fig. 4.13 Development Time Correlates Best with Percent Dietary Yeast
Average pupariation time for FC and SS on various diets were plotted against either dietary (A)
protein:carbohydrate ratio, (B) % protein (grams of protein of total grams of solid ingredients) or
(C) % yeast (grams of yeast of total grams of solid ingredients). Trendlines are power functions.
R2 values are displayed on the graphs and can also be found in Table 4.3B.
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Table 4.3 Development Time Correlates Best with Percent Dietary Yeast
(A) Average pupariation time displayed against protein:carbohydrate ratio, % protein (grams per
total grams of solid ingredients) or % yeast (grams per total grams of solid ingredients). (B) R2
values of lines of best fit for each population for development time by diet protein:carbohydrate
ratio, % protein, or %yeast. Cell color scales represent relative value within the column where
the greenest values mark greatest P:C ratio, greatest %protein, greatest % yeast, fastest
development time, or best R2 value.
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Starvation resistance on altered diets
Diets with low P:C ratios increase starvation resistance and are therefore consistent with
results from other studies (Lee and Jang, 2014). The HSD was able to increase starvation
resistance in both FC and SS populations (Fig. 4.14A). The FC population increased their small
starvation resistance by a similar relative percent (17% for FC vs 18% for SS, Fig. 4.14B) but
fewer absolute hours (10hrs for FC vs 43hrs for SS) than the SS population. This indicates that
dietary sugar has a similar effect on both FC and SS populations’ starvation resistance.
The LYD +chol increased starvation resistance by 65hrs (27%) in the SS population but
only by 4hrs (7%) in the FC population (Fig. 4.14). The SS population was able to extend their
starvation resistance by a greater relative amount than the FC, in alignment with the trend that
protein content affects the SS population more strongly than the FC.
The HYD significantly reduced the SS starvation resistance (Fig. 4.14A) but by a
relatively small magnitude of 26hrs or 11% (Fig. 4.14B) while the FC was not significantly
affected (Fig. 4.14A). The Rich Diet (RD) was statistically no different from the Normal Diet
(ND) for either population.
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Fig. 4.14 Starvation Resistance on Altered Larval Diets
Starvation survival of newly eclosed adult females reared on various larval diets in (A) hours or
(B) average of percent difference in starvation survival time as compared to the population’s ND.
Error bars represent 95% confidence interval of the mean. In (A) an ANOVA was performed
and a TukeyPost-Hoc Test determined significance groups. In (B), t-tests were used to compare
different populations on the same diet. *P<0.05, **P<0.01, ***P<0.001.
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Triglycerides are Reduced on the HYD in the SS but not the FC populations
Whole animal triglycerides were measured from newly eclosed adults reared on various
larval diets (Fig. 4.15). Yeast-added diets, including both HYD and RD, reduced adult
triglycerides substantially in the SS population, but modestly increased them in the FC. The
HSD and LYD increased triglycerides for both populations (Fig. 4.15A), but by relatively less in
the SS population (Fig. 4.15B).
In the SS population, the reduction in adult TG by added yeast (-54%) is greater than the
opposing force of added sugar (+30%) (Fig. 4.15B). When combined in the RD, the TG is
reduced (-32%), indicating that the effect of 3x yeast is of greater magnitude than that of 3x
added sugar.
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Fig. 4.15 Larval Diets Affect Adult Triglyceride Content
(A) Grouped bar graphs show triglyceride content (µg/fly) or (B) percent difference in
triglyceride content of newly eclosed female adults for FC or SS larvae that were reared on
different larval diets, measured using the Infinity TG reagent. Error bars are 95% confidence
intervals. N=7-16 pairs of flies per group.
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Protein Content in Adults is Reduced on Larval Diets with Added Yeast and Increased on Added
Sugar Diets in Both Populations
Whole animal protein content was measured from newly eclosed adults reared on various
larval diets (Fig. 4.16). It may seem paradoxical that adding yeast (44% protein) to a larval diet
decreases adult protein content and that diluting larval dietary protein (adding sugar) seems to
increase adult protein content. Some aspect of dietary yeast (but not cholesterol, Fig. 4.17) can
encourage them to pupariate sooner which resulted in lower protein stores.
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Fig. 4.16 Larval Diets Affect Adult Protein Content
(A) Grouped bar graphs show protein content (µg/fly) or (B) percent difference in protein
content of newly eclosed female adults for FC or SS larvae that were reared on different larval
diets, measured using the bicinchoninic acid method. Error bars are 95% confidence intervals.
N=12 pairs of flies per group.
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Cholesterol is Not the Limiting Factor for Development Time on LYD or ND
Low Yeast Diets supplemented with cholesterol in a 95% ethanol vehicle were used in
the previous altered diets experiment to test the effect of low yeast but without limiting
cholesterol availability for conversion into ecdysteroids. The effect of the cholesterol in vehicle
and vehicle alone was tested on Normal Diets to assess the effect of the vehicle and to determine
if additional cholesterol could affect pupariation time or starvation resistance of SS flies on an
otherwise normal diet (Fig. 4.17).
Pupariation time of FC and SS animals on the Normal Diet plus cholesterol (in vehicle)
(ND +chol) was no different than the population on the Normal Diet plus vehicle alone (ND
+vehicle). However, both had slightly longer development than ND alone without the vehicle, a
difference that was significant in both populations. The pupariation time of the populations on
the Low Yeast Diet plus cholesterol (LYD +chol) is significantly and substantially greater than
the ND +vehicle, indicating that it is the yeast component and not the cholesterol in vehicle that
is responsible for the result.
As the ethanol vehicle was found to have an effect, it was necessary to evaluate the LYD
without any ethanol added. Therefore, three variations of the LYD were prepared. The LYD
+chol contained cholesterol in a 95% ethanol vehicle. The LYD +vehicle had only the 95%
ethanol added. The LYD +empty had only water added in an equivalent volume as the vehicle in
the previous diets. The effect of the +chol and the +vehicle was compared to the +empty (water
blank) for the LYD treatments. Adding cholesterol (in ethanol) to the LYD can somewhat
advance pupariation compared to the LYD +empty (water only), by 8hrs±7hrs (Fig. 4.17). The
LYD +vehicle (ethanol only) delayed development compared to empty by 6hrs±7hrs. The LYD
+chol is 14hrs±7hrs advanced compared to the LYD +vehicle. This indicates that while the
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ethanol vehicle does lengthen time to development, cholesterol partially rescues the delay caused
by a LYD.
The addition of live yeast sprinkles (ND +live yeast) “rescued” the pupariation time of
the SS population to that of the FC ND alone. This suggests that some component of yeast, but
not cholesterol (Fig. 4.17), can rescue the altered development time of the SS population. The
FC population fed the ND +live yeast was also able to accelerate their development time,
however. Therefore, this could be a mechanism of developmental acceleration that is not
uniquely different in the SS population. The FC accelerated their development time by 14hrs,
which represents 12% faster than FC on ND, while the SS accelerated by 20hrs, representing
14% faster. The FC and SS response to ND+live yeast compared to their population on ND was
significantly different (P<0.001). The SS population do seem to respond more strongly to the
ND +live yeast diet than do the FC, however the magnitude of this difference is relatively small
and does not further clarify if a component or aspect of live yeast on the food acts on a pathway
that is different in the SS or therefore a target of starvation selection.
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Fig. 4.17 Cholesterol is Not the Limiting Factor for Development Time on Low Yeast Diets
or Normal Diets Without Additional Live Yeast Sprinkles
Bars represent mean pupariation time (hours After Larval Hatching) for Fed Control and
Starvation-Selected populations on various diets. Letters represent significance groups. Error
bars represent 95% confidence intervals. N=174-280 per group.
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Larval Dietary Cholesterol Addition to ND does not Effect Adult Starvation Resistance
Compared to Vehicle Alone
In accordance with the small increase in pupariation time seen previously, the addition of
cholesterol in 95% ethanol vehicle or vehicle alone only mildly increased starvation resistance of
the SS population beyond the ND with no additions (Fig. 4.18). However, the starvation
resistance of the LYD +chol was increased (extremely in the SS), even when compared to the
ND +chol, indicating that the addition of cholesterol in vehicle is not responsible for the increase
in starvation resistance.
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Fig. 4.18 Larval Dietary Cholesterol Addition to Normal Diets Does Not Affect Adult
Starvation Resistance Compared to Vehicle Alone
Bar graph shows average starvation survival time of newly eclosed female adults reared on
various larval diets with added cholesterol in vehicle (95% ethanol), vehicle alone, or live yeast
sprinkles. Error bars are 95% confidence intervals. Letters represent significance groups using
P<0.05.
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Addition of Cholesterol to Normal Diet has an Effect on Adult Triglycerides and Protein
The SS larvae on the ND +chol had reduced triglycerides and protein compared to ND
+vehicle (Fig. 4.19) despite a similar mild (but significant), 3hr increase in pupariation times of
both the ND +chol and the ND +vehicle compared to the ND alone (seen previously, Fig. 4.18).
The addition of live granulated baker’s yeast sprinkles to the ND had a far greater effect
than additional cholesterol. The ND +live yeast rescued the triglyceride levels of the SS
population to that of the FC ND, while not reducing the FC ND triglycerides. The ND +live
yeast reduced the protein levels of the SS to the level of the FC ND protein, but this effect also
occurred in the FC ND +live yeast.
The FC ND +chol and ND +vehicle treatments both are relatively low compared to the
FC ND on both triglyceride and protein. This effect was not shared by the SS. This may
indicate that the ethanol vehicle caused some growth disturbances in the FC population only, or
it may represent an unknown experimental error. The experiment would have to be repeated
again to get new samples to verify this unexpected secondary result. As the response to ethanol
of the SS versus the FC populations is not the main focus of this work, these experiments were
not repeated. The laboratory strain (LS) Canton S should again be used as comparison for future
work investigating ethanol metabolism if a difference between FC and SS is indeed verified.
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Fig. 4.19 Larval Dietary Cholesterol Addition to Normal Diets Reduces Triglycerides and
Protein in Starvation-Selected Population Adults Compared to Vehicle
Boxplots of macronutrient composition of newly eclosed female adults after a larval diet
supplemented with cholesterol (in ethanol) or ethanol vehicle alone for (A) triglycerides using
the Infinity TG reagent or (B) protein using the bicinchoninic acid method. N numbers represent
pairs of flies. Significance values were Bonferroni-corrected for multiple comparisons.
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The Effect of Low Yeast Diets and Cholesterol Addition on Adult Body Content
In Fig. 4.20, LYDs raise triglyceride levels in the FC and SS population compared to ND
regardless of cholesterol, vehicle alone, or empty (water) addition. The LYDs raised
triglycerides in the FC to become statistically similar to the SS ND.
Added cholesterol to a LYD reduces SS adult protein content compared to LYD +vehicle
and LYD +empty. This reduction of protein levels on the LYD +chol diet reduced SS protein to
that of the SS ND (although the LYDs still had increased fat content as compared to the ND).
Additionally, the FC on the LYD +empty had increased protein levels that were similar to the SS
ND. This suggests that larval dietary cholesterol might play a role in regulating adult protein
content. However, it does not do this through reduction or rescue of larval development time
(Fig. 4.17) and does not result in decreased starvation resistance (Fig. 4.18).
Added ethanol caused the FC population to decrease their protein as compared to the FC
+empty. This might lend credence to the incidental finding in Fig. 4.19 about FC potentially
being more sensitive to dietary ethanol. Overall, the LYD increased triglycerides of the FC
population, and so the potential growth inhibiting effect of ethanol on the FC population was not
seen in triglyceride levels in Fig. 4.20.
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Fig. 4.20 The Effect of Low Yeast Diets and Cholesterol Addition on Adult Body Content
Boxplots of macronutrient composition of newly eclosed female adults after a larval diet
supplemented with cholesterol (in ethanol), ethanol vehicle alone, or empty (water) for (A)
triglycerides using the Infinity TG reagent or (B) protein using the bicinchoninic acid method.
Means are marked with a cross. N numbers represent pairs of flies. Significance values were
Bonferroni-corrected for multiple comparisons.
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Development Time Varies Inversely with Increasing Dietary Yeast for Both Populations
To investigate the effect of varying amounts of yeast (as a proxy for protein content) on
development time, time to pupariation was measured for both populations on four diets
concurrently: Normal Diet with live yeast sprinkles (ND +live yeast), Normal Diet without live
granulated baker’s yeast sprinkles (ND, equivalent to the ND in the previous experiments), High
Yeast Diet (HYD) as in the previous experiments, and a Low Yeast Diet +cholesterol (LYD
+chol) which had half of the amount of yeast in the recipe as the ND but was also supplemented
with 1% w/v cholesterol to account for the cholesterol auxotrophy of Drosophila (Fig. 4.21).
Development time was faster with increasing concentrations of heat-killed yeast in the diet, but
the addition of live granulated yeast to the ND resulted in the fastest development for both
populations. Interestingly, on all diets, SS pupariate about 16hrs later than FC. This consistency
may later be an important clue for the mechanism of development extension and the role that
nutrition sensing plays.
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Addition of Live Yeast Supports Starvation Resistance while also Reducing Development Time
Most of the diets tested here conform to the trend that reduced larval development time
also predicts reduced starvation survival, despite development time not being a directly causal
factor but rather a function of nutrient acquisition and subsequent hormone signaling.
Intriguingly however, the fastest developing diet (the ND plus live granulated yeast sprinkles)
resulted in a measurable (but not significant) increase in starvation resistance of the SS
population (13hrs, 5.4%, P=0.32) as compared to the ND w/o live granulated yeast sprinkles
(Fig. 4.22). This may just represent that the animals perform optimally on their natural diet from
the wild. Other studies have tested the effect on development time and starvation resistance of
varied components found in yeast which include cholesterol, salts, and nucleic acids, so it is no
surprise that supplemental live yeast confers some benefit. However, it is unclear from this
experiment what aspect of actively replicating yeast confers these benefits beyond what
additional heat-killed yeast provides. It likely involves an effect of live yeast on the food source
(e.g. processing, by-products, particular synthesized amino acids), not merely a component of the
yeast itself.
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Addition of Larval Dietary Yeast Rescues SS Triglyceride Phenotype
Live yeast was shown to reduce development time (Fig. 4.21) but not hinder starvation
resistance (4.21). Surprisingly, it did so despite reducing triglycerides down to nearly the level
of FC ND (Fig. 4.23).
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from a Tukey post-hoc test following an ANOVA.
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Addition of Larval Dietary Yeast Evokes Similar Response in Adult Protein Content for FC and
SS
The trend between the diets for adult protein content is similar for the FC and the SS
populations, but the SS population has higher protein stores than FC on each diet (Fig. 4.24).
This is also in accordance with the other diets tested, implications of which were previously
discussed (Fig. 4.16).
Previously, the ND + live yeast reduced the TG levels (Fig. 4.23) but did not reduced the
starvation resistance of the SS population (Fig. 4.22). The protein content was also reduced,
seen here in Fig. 4.24, indicating the reduced TG stores were supporting a reduced body size.
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Starvation Survival to Development Time Ratio is Different in the SS versus the FC Population
To integrate the various dietary alterations and their consequences on time to pupariation
and starvation survival, the ratio of hours of starvation survival over development time was taken
for each population on each diet, normalized to the population’s ND ratio, and then compared to
reveal different responses to diets between the populations (Fig. 4.25). A ratio over 1.00
represents more robust starvation resistance per hours of larval development as compared to the
ND, and a ratio of less than 1.00 indicates less hours of adult starvation resistance were gained
per hour of larval development on the diet as compared to the ND of that population.
Differences in the trends between the FC and SS population may indicate different nutrient
sensing, signaling, or utilization of a particular macronutrient pathway. The diets were ordered
by increasing starvation survival to development time ratio for the FC population.
The increase in development time on the LYD +chol was not efficiently translated into
extra starvation resistance in the FC, but was efficiently converted into more starvation resistance
in the SS. This means that the additional hours of development spent feeding on the LYD +chol
were able to greatly support additional adult starvation resistance in the SS population, while not
resulting in much extra starvation resistance in the FC, resulting in the FC having a normalized
ratio of less than 1.00.
Conversely, quickened development on the HYD did not seriously hinder the FC’s
starvation resistance, resulting in a normalized ratio of greater than 1.00. However, the SS
population’s development time lost translated into a proportional amount of starvation resistance
lost while on the HYD.
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Starvation Survival to Fat Content Ratio is Different in the SS versus the FC Population
To create a relative metric to understand the ability of triglyceride levels to support
starvation relative to body size and normalized to the FC on a normal diet, Fig. 4.26 was created.
Relative to body size (protein content), triglyceride stores in the SS population on the ND are
associated with 2.1x starvation resistance as compared to the FC ND. Therefore, the same
amount of triglycerides can support a similar body size during starvation for over twice as long
for the SS population. The mechanism by which this occurs is likely via reduced metabolism
and behavioral changes (sleep and activity levels) (Brown et al., 2019; Masek et al., 2014;
Reynolds, 2013; Slocumb et al., 2015).
Altered diets changed this “triglyceride efficiency” during starvation differently in the SS
as compared to the FC population (Fig. 4.26). For FC, all diets reduced the triglyceride
efficiency as compared to the ND, by up to half in the LYD +chol and least severely in the HYD
and the ND +live yeast. In the SS, the HYD and the ND +live yeast almost doubled the
efficiency, at 3.9x FC ND. The SS on the LYD +chol were 2.1x more efficient at using TG to
support starvation resistance. This is comparable to the TG efficiency of the SS on the ND.
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Trends Between Starvation Resistance, Pupariation Time, and Adult Body Composition on
Various Diets
The parameters of starvation resistance, pupariation time, fat content, protein content, and
% dietary yeast were plotted against one another, and relevant graphs are shown in Fig. 4.27.
R2-values are displayed to show the strength of the relationship. In the SS population, starvation
survival increases with increased development time, increased triglycerides, and increased
TG:Protein ratio (Fig. 4.27A-C). In the SS population, starvation survival decreases with
increased larval dietary yeast content (Fig. 4.27D). In both FC and SS, increasing pupariation
time increases triglycerides, but does so at a greater rate in the SS (Fig. 4.27E). Increased
pupariation time increases protein content in both FC and SS, where the SS have a trend towards
greater protein overall (Fig. 4.27F). The strongest correlations for both populations are between
pupariation time and triglycerides (Fig. 4.27E).
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4.5

Discussion
The SS population accrues TG faster and for longer (Fig. 4.2) and they gain protein at the

same rate but for longer (Fig. 4.1) as compared to the FC. Removing the extra larval nutrition
allowed by the SS delayed development (Fig. 4.3) or changing the larval development duration
using exogenous developmental hormones (Fig. 4.6-10) or altered diets (Fig. 4.27A) revealed
that development time alone contributes a relatively small (<20%) amount to the extreme adult
starvation resistance of the SS population. The quality of the larval diet was found to change the
timing to pupariation (Fig. 4.11), the adult body composition (Fig. 4.15 and Fig. 4.16), and
starvation resistance ability (Fig. 4.14) differently between the two populations, indicating
changes in nutrition sensing, utilization, or threshold requirement, which are referred to broadly
here as Nutrient Sensing Pathways (NSPs).
A component or property of live yeast (but not cholesterol) can partially rescue the
delayed development (Fig. 4.17) without hindering starvation resistance (Fig. 4.18), and heatkilled yeast can also rescue development (Fig. 4.11 and Fig. 4.21) with a small reduction in
starvation resistance (Fig. 4.14). A low yeast diet (+cholesterol) exacerbated the delayed
development (Fig. 4.11 and Fig. 4.21) and further increased the starvation resistance (Fig. 4.14
and Fig. 4.22) of the SS, and the SS on the normal diet is similar to the FC on the low yeast diet
(+cholesterol). This suggests that the SS might be sensing a low yeast dietary environment
(while eating a ND) that can lead to delayed development (ostensibly via reduced ecdysone
signaling per Fig. 3.6, Fig. 4.6, and Fig. 4.8), possibly via the same mechanisms that larval
density acts through. This altered low yeast sensing may also support starvation resistance,
probably via increased larval triglycerides from increased accumulation rate (Fig. 4.2), in
combination with metabolic and behavioral alterations in the adult.
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Developmental Hormones Affect Starvation Resistance
Hormone addition (both 20E and E) partially rescued the SS phenotype by reducing
development time, fat content, and starvation resistance (Fig. 4.6-10). αEcdysone added earlier
in larval development had a stronger effect than greater concentrations of 20E added later. In
three independent experiments, feeding 20E at 1.12mM concentration to FC larvae at 60hrsALH
did not accelerate pupariation as might have been expected in the FC population. Ono (2014)
reports that 0.5mM of 20E food supplied to newly ecdysed third-instar Oregon R larvae
(~48hrsALH) resulted in a 6hr advancement of 50% pupariation. Both the FC treated with 20E
or with vehicle alone, however, already pupariated about 10hrs earlier than the empty control
treatment for the Oregon R strain of Drosophila that Ono tested. Therefore, these observed
differences in sensitivity may relate to the robustness of the outbred FC flies that have only been
in the lab for 22yrs. Additionally, the Ono study used 1mL instant food with 5 larvae in a 1.5mL
Eppendorf tube which may create conditions of suboptimal nutrition compared to fresh food in a
regular sized vial. To corroborate this, Buhler et al. (2018) reported a 12hr advancement of
pupariation from feeding either 20E or E at a concentration of 2mM to Dahomey w – flies, and
only revealed a difference in the effect of 20E vs E in that 20E could further accelerate
pupariation in animals that were starved. The differences between these studies presumably
reflect differences in strains, fed status, and hormone concentration.
Altered Nutrient Sensing Pathway
Larval protein content was accumulated at the same rate in the FC and SS population
(Fig. 4.2), and therefore the extended larval development period resulted in the SS population
having a final larval protein content that was higher. This also results in newly eclosed SS adults
with higher protein contents than FC, regardless of diet (Fig. 4.16). This confirms a previously
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observed, but not statistically significant, trend of increased protein content in the SS compared
to FC on normal diets in previous generations and experimental conditions. In this experiment
there was a statistically significant 30% difference in protein content between the FC and SS on
normal diets. The SS population reliably pupariates about 16hrs later than FC on different diets
with varying yeast content (Fig. 4.20). This indicated that the baseline threshold of protein
required by the SS population for pupariation seems to have been increased as compared to FC.
Additionally, the SS population’s starvation resistance responds most differently as compared to
FC on the LYD (Fig. 4.14B).
Dietary yeast in the larval diet has a component that can reduce the adult protein content
(Fig. 4.16 and 4.23), presumably via acceleration of pupariation (Fig. 4.11 and 4.13). Larval
dietary yeast content is the best predictor of development time (Fig. 4.13). The mechanism
controlling pupariation in response to this component is a candidate target of starvation
resistance responsible for extended larval development, relating nutrition to the observed
reduction in ecdysone effecting delayed development.
As increased yeast consumption can rescue the SS phenotype (Fig. 4.21-4.23),
components of yeast known to interact with growth control and development should be
considered. Protein makes up 44% of the calories of yeast and is therefore abundant and well
known to control growth. Reduced protein sensing by the whole body or by individual organs
(such as the brain, the fat body, or the PG via the mechanisms discussed previously) could
systemically impede organ growth and progression through development, effectively raising the
threshold required to initiate pupariation. Additionally, this may rely on particular amino acids,
not total protein, that may be enriched in yeast (discussed in 4.2.4). Both the IIS and Tor
respond to amino acids to control growth and development.
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This is not to say that the protein NSP is the only implicated system, to the exclusion of
others. For example, the IIS may also be altered in the SS population in response to sugars. The
HSD had a weaker relative effect on increasing development time and triglycerides in the SS as
compared to the FC population (Fig. 4.11 and 4.15). This may indicate that the SS population
already had reduced IIS sensitivity and the added sugars were less impactful on delaying
development. Alternatively, the SS could be approaching some fat storage threshold or
maximum storage rate that caused the TG level not to increase by as much as the FC.
These physiological assays were intended to detect if macronutrient usage or sensing
pathways could explain the altered development time, starvation resistance, and body
composition of the SS population. Dietary intake is a global alteration of these pathways, and
there is indeed a difference in how the SS respond as compared to the FC. However, the
emerging patterns and evidence cannot lead to a single proposed gene alteration, nor is the effect
likely to be due to single genes or even single pathways. To the contrary, GWAS studies have
revealed that there are many genes in the IIS with SNPs that have been selected for by starvation
and there are 71 SNPs specifically in the dInR gene locus, two of which are amino acid
substitutions in extracellular regions associated with ilp ligand binding (Hardy, 2016). There are
also SNPs in starvation-selected genes in the protein metabolism pathway, including the genes
for the amino acid transporter happyhour, the TOR-repressible autophagy regulator Atg1, a
subunit of the master energy sensor AMPK, the TOR-inducible master activator of lipogenesis
during lipid reduction SREBP, and the cellular stress sensor Sestrin (Hardy, 2016). The top three
gene ontology categories of targets of selection in the SS population include anatomical structure
morphogenesis, organ development and organ morphogenesis, all related to body growth and
protein intake. Additionally, human disease enrichment for orthologs of starvation-selected
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genes include cardiomyopathy and Type II Diabetes, related to body triglycerides and overconsumption of calories. These diverse pathways necessitate a whole-organism approach in
order to understand the genetic targets of starvation selection.
A Component of Yeast Other than Total Protein or Cholesterol Contributes Most to Development
Time Acceleration
Previous works have shown that amino acids are the component of yeast that is
responsible for increased fecundity and decreased lifespan (Grandison et al., 2009; Bruce et al.,
2013; Fanson and Taylor, 2012) and it is often assumed that the effects of yeast on other traits
are primarily conveyed by protein as well, but the % protein or protein:carbodydrate (P:C) ratio
of the diets does not fully explain the effect on development time (Fig. 4.13). The Rich Diet and
the Low Yeast Diet actually have a similar protein:carbohydrate ratio (0.165 vs 0.156, Table 4.3)
but the Low Yeast Diet has a development time that is much closer to the High Sugar Diet which
has a P:C ratio of about half that, at 0.086. The Rich Diet has a development time less than the
Normal Diet which has a greater P:C ratio of 0.212.
Yeast is a complex ingredient that contains other macronutrients and micronutrients such
as vitamins, minerals, and nucleic acids. Using protein isolate (casein, not live yeast), larval
development time is optimized at a P:C ratio of 2:1, but when using yeast extract, at a P:C of 1:2
(Jang and Lee, 2018; Rodrigues et al., 2015). This indicates that some component of yeast other
than the total amino acids per se are contributing to the control of development time. This aligns
with our observations that the % yeast, but not the % protein or protein to carbohydrate ratio, is
most correlated with development time optimization (Fig. 4.13, Table 4.3).
Lower yeast to carbohydrate ratios of adult diets increases starvation resistance (Lee and
Jang, 2014; Skorupa et al., 2008) as in our study, but higher P:C diets have also been shown to
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increase starvation resistance (Reis, 2016) so this might be due to a component of yeast other
than protein, despite some evidence to the contrary (Grandison et al., 2009).
Finally, changing an ingredient in the larval diet may not always represent an exact
change in ingredient ingestion, as larvae can make nutritional decisions. Larvae choose diets that
minimize development time (Rodrigues et al., 2015). These diets also happen to support adult
fecundity but are not optimal for all stages of aspects of life, such as longevity or starvation
resistance.
The Effect of Cholesterol Addition on Developmental Time
One obvious component of yeast responsible for development time might be cholesterol,
an integral part of the cellular membranes of cells such as yeasts, which are the primary food
source of Drosophila, a cholesterol auxotroph. As cholesterol sensing and trafficking in the PG
regulates the production of ecdysteroids from sterol precursors, cholesterol would theoretically
be a good candidate for the component of yeast responsible for accelerating development and
reducing adult protein and triglycerides. However, cholesterol addition to control diets of the FC
and SS populations did not change development time relative to the vehicle control (Fig. 4.17),
indicating that extra cholesterol cannot rescue the SS phenotype. Neither did it reduce the
starvation resistance of larvae reared on a ND +cholesterol (Fig. 4.18). This indicates that
cholesterol is not the component of yeast that accelerates development or reduces starvation
resistance.
As cholesterol is such a suitable candidate, it may warrant further follow up experiments.
One potential caveat to the experiments presented here is that it is possible that cholesterol
mixing into the food is still incomplete, due to the low solubility of powdered cholesterol. For
future experiments of this kind, it may be helpful to investigate the addition of other dietary
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sterols with different solubilities (or different mechanisms of delivery) that can become
ecdysteroid precursors. As different dietary sterols produce different ratios of secondary
ecdysteroid metabolites (Lavrynenko et al., 2015), this would produce a complicated but
potentially intriguing phenotype with which to understand SS hormone production and
sensitivity to ecdysone metabolites.
Dietary Ethanol, Alcohol Dehydrogenase Polymorphisms, Development Time and Lipidogenesis
Adding the highly insoluble dietary cholesterol to the diets required heating 95% ethanol
to 70°C and administering plenty of agitation before mixing it in with the food. When added to
normal diets, the ethanol mildly delays pupariation (Fig. 4.17), increases TG (Fig. S4), and
starvation resistance (Fig. 4.18).
Ethanol, a natural byproduct of yeast fermentation, is a normal part of the larval
environment. Rotting fruit in which wild Drosophila breed can contain concentrations as high as
6–7% ethanol, but normally 0.5%-4.0% (Fry, 2014). As such, allelic variation for metabolic
enzymes such as alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH) exist
among different populations and species of Drosophila (Gibson, 1982). Natural variations in the
Adh gene result in different ethanol conversion to lipids and survival in the presence of ethanol
(Heinstra and Geer, 1991). Larval ethanol exposure leads to reduced expression of insulin-like
peptides (dILPs) and their receptor and is linked to the subsequent dysregulation of fatty acid
metabolism and lipid accumulation (Logan-Garbisch et al., 2014). Alcohol concentration, or
Adh- mutations or alleles can strongly affect development time. In one experiment, a 3%
concentration in the food had no change in development time, but a 6% concentration caused a
1.5-day delay in eclosion (Logan-Garbisch et al., 2014). In the experiments presented here, the
ethanol concentration in the food was increased by 1% v/v (1mL of 95% ethanol in 100mL of
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food) resulting from adding cholesterol in vehicle or vehicle alone. The normal food has less
than 1% v/v alcohol content. The appropriate controls show that this addition is not a hugely
disruptive effect (Fig. 4.17-4.20).
In food with no added ethanol, different genotypes have different pupariation and
eclosion times. Homozygotes of the natural allele AdhS (S for slow) were over a day delayed for
eclosion as compared to homozygotes of another natural allele AdhF (F for fast) (van Delden and
Kamping, 1979). The delayed-eclosion AdhS population also seemed to have either a higher
critical weight or a longer time until critical weight (undetermined by the experimental design).
These phenotypes are similar to the SS population and variants are found in natural populations,
presenting the possibility that ADH variations contribute to the SS phenotype and therefore are
potential targets of starvation selection. Preliminary evidence from Fig. 4.17 suggests that
pupariation times are less delayed by ethanol (as compared to ND or LYD + empty) in the SS
compared to the FC, which corroborates this possibility.
Displaced Protein and Not High Sugar is Mainly Responsible for Effects of HSD
Other experiments employing HSD show that the excess sugar in the diet limits the
amount the larvae can eat to compensate for the protein displacement in the diet (Fellous &
Lazzaro, 2010). This indicates that the extended larval development time of both populations
under the HSD may be due to reduced protein intake, as the RD did not have this effect but
instead showed accelerated development times. On the HSD, the larvae must eat overall more
food in order to get the same amount of protein, requiring the excess sugar in the HSD to be
stored as fat, a process regulated by the IIS.
Previous evidence and inference created the prediction that the HSD should exacerbate
the delayed development more severely in the SS population as compared to the FC. The SS
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population increased their development time by about four more hours (P<0.001, ±8hrs; Fig.
4.12A) than the FC, but as this represents a smaller proportion of the SS’s longer development
time, the percent change was less compared to FC (P<0.001; Fig. 4.12B). The RD diet showed
accelerated development times for both populations as compared to the ND (Fig. 4.11) and this
further underscores the importance of protein in controlling time to pupariation. As the SS
accelerated their development relatively more, this could indicate altered protein metabolism or
enhanced tolerance of sweet food. This is weak evidence of a differential sensitivity to sugar,
and different experiments would be needed to implicate or exonerate dietary sugar intake as a
pathway targeted by starvation selection.
It was previously hypothesized that the SS population on a normal diet may naturally be
in a hyperglycemic state to cause the growth restrictions and accumulation of excess fat seen in
the population. The SS larvae may be better able to tolerate the high sugar by increasing sugar
storage as fat and may therefore not be susceptible to the physiological constraints of a sugary
diet. An increase in fat body fat content was shown to reduce hyperglycemia and improve
growth under a high sugar diet, and that lipogenesis was necessary for HSD tolerance
(Musselman et al., 2013). The SS population may have metabolic programs in place to
preferentially shunt dietary sugar to storage as fat, instead of fueling cellular growth. The SS
population may normally have decreased production or release of dilps controlling peripheral
tissue growth (dilps 2,3,5) while the fat body remains able to uptake the extra sugar and store it
as fat. This same outcome might also occur if the SS population had peripheral insulin
resistance, perhaps via downregulation or allele variation of InR (or other methods discussed
previously), that prevented peripheral tissues from uptaking circulating sugars that were instead
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used for lipogenesis in the fat body. In humans, this would correlate with either Type I or Type II
Diabetes, respectively.
Increased trehalose storage (as fat) is associated with reduced IIS (Broughton et al.,
2008). This might be similar to Type I Diabetes (T1D) where the insulin-producing beta-cells
are destroyed and non-functional, or Type II Diabetes (T2D) where the cells are insulin resistant.
In humans, the excess circulating blood sugar that is unable to enter the insulin-resistant cells in
peripheral tissues is taken up by the liver (to which the Drosophila fat body is analogous) and
stored as fat while the peripheral organs starve for energy. Type II Diabetes in humans has both
environmental, epigenetic, and genetic factors influencing susceptibility to the disease. For
example, small birthweights are correlated to T2D risk (Schulz, 2010). It was shown in rats that
intrauterine growth restriction causes T2D (Simmons et al., 2001). This is now known as the
“fetal origins” hypothesis. While the risk for development of diabetes is mainly due to lifestyle
choices, an individual’s risk for developing Type II Diabetes during their life can be predicted
using a GWAS approach and some genotypes have 3.45x greater lifetime risk, irrespective of
body mass index (Läll et al., 2017).
While the phenotypes of altered sugar metabolism in humans resemble those of the
genetically obese SS flies, the evidence of differential sensitivity to larval dietary sugar is of
minimal magnitude. Top-down physiological experiments like the diet alterations presented here
are valuable in that they allow quick evaluation of the magnitude of any potential effect and
whether it should be followed up on with more direct and exacting experiments, such as
hemolymph sugar concentration, glucose response, or InR localization or expression levels. Any
further exploratory experiments should consider that larvae are potentially not good models of
adult human hyperglycemia (Graham and Pick, 2017; Musselman et al., 2011), and therefore life
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stage during experiments that investigate the known IIS targets of starvation selection should be
considered in experimental design.
Caloric density, another hard to study factor in larval development, could potentially
affect the SS phenotype. The RD with excess calories had a small negative effect (-8hrs) on SS
starvation resistance (Fig. 4.14) that was not statistically different from the ND. However, it
may hint that excess calories during the larval period may sensitize the animal to, or reverse the
metabolic programing for, later adult starvation resistance, while diluted diets that effect caloric
restriction might prime animals to survive later adult starvation. As increased larval density
causes caloric restriction and can result in later increased starvation resistance and general stress
tolerance, it is plausible that the caloric density of the food may underlie some sort of metabolic
programming. To test for a dose-response of caloric density of larval diets and adult starvation
resistance, animals could be reared on differing concentrations of food, ranging from very dilute
to very rich, without a change in macronutrient ratio. Richer diets would be expected to worsen
the subsequent adult starvation resistance while more dilute diets would increase it. There would
be a compensatory feeding effect on the more dilute diets that may necessitate numerous
dilutions or capillary feeder (CAFE) measurements (Diegelmann et al., 2017). These
experiments might also reveal how long the SS development period can possibly be extended
and if this is different from the FC.
Lifespan is correlated to overall stress resistance, and as such, both correlate to starvation
resistance. A quantitative trait loci screen in Drosophila for starvation resistance associated a
particular region with starvation resistance and increased longevity (Wang, 2007). It would be
informative to find out if the SS flies have a longer lifespan or not, indicating how much the
starvation pressure has targeted the overall stress resistance pathways. This may be somewhat
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convoluted due to the secondary selection pressure of delayed reproduction imposed by the
selection regime. Eggs are collected from older flies and reduced or delayed reproduction is
known to increase stress resistance (Partridge and Fowler, 1992).
For future work, it may be interesting to attempt a very sensitive measure of adult protein
content to detect a statistically significant and consistent overgrowth phenotype. Many larval
delay phenotypes are accompanied by overgrowth. The results here are in accordance with
previous work that shows a strong trend towards greater protein content in the SS adult, but the
difference fails to reach statistical significance due to natural population variation, sample size,
and experimental precision. Additionally, this work showed for the first time that SS larvae
acquire protein at the same rate as FC and therefore pupariate with greater protein stores.
Precisely quantifying the increased protein content of the adult may statistically confirm this
phenotype to further narrow down the nature of the developmental delay.
Increased Starvation Resistance on Diets that Increased Development Time and Triglycerides
As starvation assays were performed on newly eclosed adults, all starvation resistance
originating from nutrient stores are due to larval energy stores, not adult feeding. It has been
shown that only a relatively small fraction (17%) of starvation resistance ability comes from the
extra time for the SS population to accrue larval energy stores (Fig. 4.3 and Fig. 4.4). However,
SS larvae still accumulate triglycerides faster during development (Fig. 4.2) and therefore still
have far greater stores upon eclosion as compared to FC to support their starvation resistance.
To measure the “triglyceride efficiency”, fat content from altered diets were relativized to body
size (protein content) and compared to starvation resistance (Fig. 4.26). The SS population can
use their fat to support the same body size (protein) during starvation for at least 2.1x longer.
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For example, the SS flies reared on the ND +live yeast appear to be using their reduced
TG stores even more efficiently that the SS on a ND. Their triglycerides were reduced nearly to
that of FC (Fig. 4.23), while not reducing their starvation resistance. The ND +live yeast does
however reduce their overall protein content (Fig. 4.24), but these smaller flies with reduced fat
stores are still able to more efficiently translate their TG into starvation resistance than when on
the ND alone. This may reflect some sort of metabolic programming or priming from the live
yeast. The HYD with added heat-killed yeast also reduced TG and protein but also resulted in a
reduction of SR, showing that heat-killed yeast did not have this same potential metabolic
programming effect.
This still does not directly address the starvation resistance ability of the SS population if
it were reduced to FC fat content levels (possibly via elimination of increased triglyceride
accumulation rate and development time, or by pre-starving or exercising adult flies). Besides
increased triglycerides and decreased metabolism as the main source of starvation resistance, an
alternative hypothesis is that starvation resistance could be affected by any metabolic
programming that the larval diet imposed upon adult metabolism. Altered larval diets followed
by altered adult diets before starvation assays would reveal potential metabolic programming
from altered diets. Generally, however, as increased development time resulted in increased fat
stores (Fig. 4.27E), these likely account for the increased starvation resistance observed as they
are also correlated (Fig. 4.27A-B).
Summary
Ecdysteroids, other hormones, and nutrition signaling have functions outside of their role
in larval development. Selection on these actors in the adult stage may have consequences in the
larval stage that were not original targets of starvation resistance. This may explain why the SS
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population has delayed development, yet the extra time doesn’t substantially improve starvation
resistance. In the wild, delayed reproductive maturation is usually a severely limiting trait on
ephemeral food sources, but is probably not a tradeoff under the conditions of our starvation
selection regime. Therefore, this tradeoff can be exploited to result in maximum fitness under
the circumstances.
Lifespan is correlated with general stress tolerance, as is starvation resistance, relating the
three traits (Broughton et al., 2005). Longevity is often studied as a dependent variable in
experiments with altered diets and can be used as a qualitative metric to infer SR in some cases,
even when SR is not measured directly. High-carborhydrate and low-protein diets on the order
of 10:1 to 20:1 C:P have been shown to increase lifespan (Bruce et al., 2013; Lee et al., 2008)
whereas high-protein diets can decrease lifespan. The increase of lifespan is thought to be
through protective effects of high-carbohydrate feeding on reducing oxidative stress (Rovenko et
al., 2015). This agrees with results that HSD increase SR whereas HYD decrease SR in normal
populations of Drosophila. As a high protein feeding could not reduce the SS population’s SR,
investigating whether the SS population would also not suffer reduced longevity from HYD
would lend further indirect evidence that the SS population has evolved a way to limit their
protein sensing or utilization in order to simulate a high-carbohydrate low-protein diet and its
benefits on SR and overall stress resistance (protection from oxidative stress).
As this and other studies have confirmed that SR was further increased by highcarbohydrate low-protein feeding, we might hypothesize that longevity of the SS flies may also
be increased under an HSD. As it is also hypothesized that the SS population fed a ND has
nutrient sensing and signaling adaptations that mimic an HSD, we might expect to also find a
baseline increase in longevity of the SS population on a ND as well.
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Metabolic programming is usually a plastic epigenetic (trans)generationally heritable
response to environmental conditions, particularly the food composition or availability (which
can also be influenced by animal density). The SS flies have evolved extreme starvation survival
ability without changing their diet composition, but they may have evolved to sense their
nutrition status differently or utilize nutrients differently to produce the outcomes of storing more
fat and using it efficiently to survive starvation. This may not be modulated by only classical
genetic inheritance.
Flies only use DNA methylation to suppress transposons (Mandrioli and Borsatti, 2006;
Zhang et al., 2015) but they do use histone modifications to regulate their own gene expression
(Zhao and Garcia, 2015). For example, information about a stressful environment can be
inherited via Mekk1-p38 mediated phosphorylation of dATF-2 and transmitted by dATF-2’s
effect on heterochromatin regulation which persisted for generations after the stress (Seong et al.,
2011). Further, an HSD produces an obese-like phenotype that persists in male offspring to the
F2 generation (Buescher et al., 2013).
Evidence for the plasticity of the starvation-resistant phenotype exists in the preliminary
data (Fig. S5) and unpublished observations (from this and other labs) that the SS population
loses some starvation resistance ability if not kept on selection. Normally, to avoid the confound
of epigenetic effects, experiments are only done on F2 animals (the progeny of animals one
generation removed from starvation). Perhaps the starvation selection programs a transgenerationally heritable epigenetic program. The previous starvation experience of the G 0
mother is imprinted into an F1 egg whose gametes are programmed by the starvation event and
then the F1 adult lays an F2 egg that is metabolically programmed for an environment with little
food. In oviparous animals, transgenerational inheritance occurs in the F 2, whereas in humans
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and mice it is the F3 (the first generation to not be directly exposed to the environment) because
the F2 oocytes develop while the F1 female is in utero of the G0 mother (Skinner, 2008).
This potential epigenetic programming might take the form of blunted nutrition
sensing/allocation which could then cause or contribute to their developmental delay (possibly
via ecdysone or independent of ecdysone). Existing systems monitor whether the larva has
enough energy stored and has completed enough growth to commit to pupariation. Modulation
of these rheostats (either through genetic or epigenetic inheritance) might allow for the adult to
survive starvation longer due to initiation of metabolic programs that would normally not be
activated in the presence of sufficient energy reserves and might also cause larvae to postpone
pupariation because the animal senses that it hasn’t accumulated enough energy stores.
The alternative hypothesis to explain the loss of the SS phenotype when kept off selection
is that of balancing selection between fecundity and starvation resistance. Starvation resistance
ability and fecundity are tradeoffs, and SR is prevented from reaching an absolute maximum in
the population because it would reduce fecundity to the point of inviability of the population.
Beeghley (2019) reported that the fecundity of individual flies in the SS populations was
inversely correlated to their starvation survival, indicating that balancing selection was at work in
the population. Theoretically, in the absence of repeated starvation selection, the flies that lay
the most eggs have the weakest SR, which subsequently make up a larger percentage of the next
generation, reducing the overall SR ability of the population.
This chapter shows that nutritional inputs from a component of live yeast can rescue the
SS population, and that the SS population phenotype resembles the FC on a low yeast diet. This
implicates aberrant sensing of a component of dietary yeast (but not cholesterol) that can control
development via reduced ecdysone production and contribute to regulation of metabolism to
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survive starvation. Therefore, amino acid sensing (perhaps of particular EAAs) or low IIS/TOR,
either directly or indirectly by the PG, is a prime candidate for a system that underlies some
starvation-selection phenotypes. However, these systems were also similarly affected in the FC
population. This likely indicates a higher set point or alteration in a sensing rheostat responsible
for sensing nutrition or perhaps body size and energy stores.
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Chapter 5: Conclusions and Future Directions
5.1

Overview of Results, Key Findings, and Future Directions
Search for the mechanisms that underlie the SS phenotype is complicated by the fact that

the starvation selection may broadly affect many organs and systems. For instance, a change in
insulin sensitivity through an InR binding region mutation would cause changes in the whole
organism. Alternatively, changes may be more localized to individual tissues or protein
functions such as genes that control cholesterol trafficking in the PG or endoreplication in
response to nutrition. Further, regulation of differential splicing of isoforms might create tissuespecific alterations even for ubiquitously expressed genes such as InR. To add to the
complexity, there are 1,453 gene loci that have been identified as targets of selection that are
shared by all of the SSABC populations, practically ensuring that there have been many changes to
multiple systems that can interact in new and complex ways. Any single mutation found in the
literature that bears resemblance to an aspect of the SS population could be a potential candidate
for investigation but is unlikely to be the main suspect in such a multi-factorial phenotype that
may even require many complimentary gene alterations to appear. Single gene investigation
may therefore be fruitless, even with the current blooming technology of CRISPR that could
allow genetic alteration of the SS flies without loss of phenotype or undue fixation of genetic
variation, which has previously inhibited genetic approaches in these populations. Even current
attempts using RNAseq to identify changes in gene expression have only captured polyadenylated transcripts and must be completed separately for different organs, which possibly
generates noise from rearing conditions and number of generations of selection. Therefore, it
might be useful to investigate the pathways that converge on the physiological systems that
control the main phenotypes of interest by the use of broad, top-down manipulations to look for
unique physiological responses.
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Reduced and Delayed Ecdysone Production Causes Development Time Extension
The pattern of extended larval development resembles other cases of reduced ecdysone
signaling, where most of the delay is in the third instar. Ecdysteroid levels were verified to
remain low until the delayed pupariation occurs, implicating a causal role. However, this
reduction could be caused by a down regulation of hormone production from one or more of
several mechanisms: positive or negative ecdysone feedback loop alterations, downregulation by
the JH signaling network, lack of upregulation from IIS/TOR, fat body endocrine messengers,
PG size or size sensing, inhibition by dilp8 from immature imaginal discs, or an increase in
hormone inactivation that alters positive feedback loops. These signaling systems all converge
on the hormone production regulation of the PG.
Examining the physiology of the PG could potentially reveal a growth defect that
underlies the reduced ecdysone signaling phenotype. Surprisingly, CW as assessed by the PG
remained the same, confirming that a global growth defect is unlikely to be causing the extended
development. As such, later growth checkpoints including the cell-cycle checkpoints governing
PG endoreplication should be investigated, as PG size determines ecdysone production and
timing of pulses. A different approach may be to use PCR to quantify transcripts of key
regulated ecdysone biosynthesis genes in the PG (such as the Halloween genes spookier,
phantom, and disembodied) as their expression is linked to chromosome copy number and
hormone biosynthetic ability. Recently, change in gene expression in the PG during the third
instar and transition to the wandering stage was measured (Ou et al., 2016). This dataset could
provide clues for what inputs regulate the wandering pulse and upregulate the biosynthesis of
steroid hormones leading to pupariation. This would identify candidate systems governing
developmental timing that could be investigated in the SS population as potential targets of
starvation selection and/or effectors of extended development. However, greater understanding
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of the small “pulses” of hormones that occur throughout the third instar, and especially how
extended larval development changes these pulses (if there are more occurring at regular
intervals or if the same number of pulses are delayed), is needed to understand if the inputs to the
“wandering pulse” are valid candidate systems for targets of selection.
Further upstream from PG size sensing or hormone production might be the secreted
signals or other activities of the fat body that could control PG size or downstream hormone
positive feedback loops. As the larval fat body is clearly an organ changed by starvation
selection, it stands to reason that altered expression of some genes like shade that convert
circulating ecdysone into active 20E might cause failure to upregulate the hormone signaling
positive feedback loop of the PG. Many genes in the fat body known to affect PG size or
hormone production were not captured by previous fat body RNAseq methods, limiting the
power of such high throughput approaches. As the fat body integrates nutrition signals, it is
likely to be the relay between any potential nutrition sensing alterations and later ecdysone
production, although the nutrition sensing of the PG might also be directly altered.
Growth downstream of the PG and the fat body may be controlling ecdysone production.
These organs regulate and secrete growth factors for the rest of the body. Slow-growing
imaginal discs secrete dilp8 to downregulate ecdysone biosynthesis. This affords them more
time to grow and reach proper size. Imaginal disc size throughout third instar could be measured
to detect any differences in size or growth rate. Additionally, expression of dilp8 using in situ
hybridization should be measured, as fully grown discs may aberrantly express developmentdelaying signaling molecules. Therefore, growth-sensing or threshold may be altered by
starvation selection, but not actual growth.

199

As extended larval development contributes a relatively small amount to starvation
resistance in starvation-selected flies (35hrs or 17%, Fig. 4.3), it is possibly an evolutionary
spandrel (or exaptation) resulting from selection for reduced ecdysone signaling that promotes
starvation resistance in the adult. Adult ecdysone signaling controls several mechanisms that
could support starvation resistance including fecundity, activity levels, and sleep behavior
(Schwedes et al., 2012). To further investigate whether the extended larval development time is
a direct effect or a secondary consequence of starvation selection via reduced ecdysone
signaling, it would first be important to know if adults have reduced ecdysone signaling by
measuring ecdysteroid levels. Next, the impact of normalized hormone exposure on starvation
resistance could be measured by feeding hormones and then assaying for any change in
phenotypes that support SR, particularly those crucial to starvation resistance such as metabolism
and those known to be controlled by ecdysone such as activity, fecundity, and sleep. Animals of
the SS population could be maintained on hormone- or drug-supplemented food from hatching to
adulthood, and during the starvation resistance assay, laced water could be delivered via
capillary feeder (CAFE) (Diegelmann et al., 2017) to measure the reduction in starvation
resistance associated with rescued or elevated hormone levels.
Altered Nutrition Sensing Results in Developmental Extension and Enhanced Starvation
Resistance
The SS larvae accumulate fat faster and for longer than FC larvae (Fig. 4.2). How they
accumulate more fat on the same diet is of great interest and clinical relevance to humans.
Metabolic studies of the SS larvae show that their metabolic rate is about 20% less than that of
FC (Brown et al., 2019) which could possibly account in whole or in part for their ability to
reserve their fat stores. They get this extra fat while acquiring protein at the same rate, but the
duration of growth is longer, resulting in increased final protein levels. This may indicate some
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higher protein threshold required to initiate the small pulse of 20E that causes the cessation of
feeding and wandering, as the previous growth checkpoint of critical weight remains unchanged.
Brown et al. (2019) report that in third instar, the SS larvae eat more food in 15min than the FC
larvae (which is interestingly an adaptation for larval overcrowding; section 3.2.4; Joshi and
Mueller, 1988). However, our study has shown that the portion of SS larval body mass from
protein increases at the same rate as FC. One explanation is that the nutrition sensing and
signaling pathway (NSP) might handle protein differently by not absorbing or properly utilizing
as much protein as is available in the diet, but there could be other factors explaining the two
observations. The quantity of protein in the diet strongly dictates the time to development, so it
is plausible that protein utilization, absorption, and/or threshold is altered in order to prolong
larval feeding and thus increase accumulation of fat.
The terminal growth period of various species was shown to be correlated with the
growth rate and size at CW. Faster growth rate results in shorter terminal growth period, as the
animals reach their programed final size sooner. Therefore, size at critical weight scales linearly
with final body size (Hironaka et al., 2019). The SS population, however, shows the same
growth rate (for protein accumulation) but a longer TGP and a trend towards increased final
body size despite no change in timing or protein at critical weight. The SS population matches
with species such as D. willistoni, which, as compared to D. melanogaster, have a reduced
growth rate, similar time to critical size, and delayed and reduced ecdysone titers. However, the
SS have the same critical size mass and final body size instead of a reduction in both, indicating
that this is not just a simple reversion to a phenotype that might have previously existed in the
population. As the nonconforming SS phenotype has not yet been seen in other species of
Drosophila, it is possible that this is a novel mechanism that has been adapted to surviving
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starvation and may represent a new combination of alleles, or new mutations, that have been
selected for by starvation resistance to alter the TGP duration, but not decrease growth rate. This
continues to hint at some mechanism of assessing growth or growth rate that is diminished in the
SS population. This may modulate or be modulated by ecdysone signaling as Hironaka et al.
(2019) also found that the species with longer TGP had slower rates and later onset of
ecdysteroid increase. These results would fit into place if the ecdysteroid producing glands
perceived a faux decreased growth rate, perhaps due to reduced IIS/TOR, and subsequently
downregulated ecdysteroidogenesis and elongated the terminal growth period to result in an
increased size.
Previous chapters (2.2.3) discussed how low insulin/TOR specifically in the PG
phenocopies delayed release of ecdysone pulses in the third instar and result in an overgrowth
phenotype and is therefore one possible manifestation of altered NSP. If the low insulin/TOR
signaling in the PG was caused by whole body insulin resistance, then it would explain the
delayed development and the lack of general body overgrowth, which is instead restricted to
growth of the fat body due to the presence of increased circulating hemolymph sugars which are
converted into fat (Flatt, 1970). Feeding a high sugar diet was meant to exacerbate any potential
hyperglycemia or insulin resistance. The FC and SS responded in similar ways to the HSD,
although the FC put on twice the amount of extra fat as did the SS. This alone cannot implicate
aberrant IIS or insulin resistance since other explanations, such as rate limits or thresholds on fat
storage, could account for failure to store more fat. Accurate detection of altered insulin
signaling might be performed by the methods in Musselman et al. 2011, where dilp transcripts
were quantified, circulating dilp2 was measured, and phospho-Akt response to exogenous insulin
was assayed.
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In this work, the effects of a high fat diet (HFD) were not investigated, although this is a
promising area of inquiry. A HFD was found to increase hyperactivity upon starvation, thus
counteracting the effect of increased triglyceride stores from HFD feeding on starvation
resistance (Huang et al., 2020). It would be potentially informative to discover the changes
caused by an HFD, including whether there is an upper limit to their fat stores and whether they
are sensitive to increased hyperactivity during starvation due to the diet. However HFDs are
comparatively technically challenging to use due to the altered consistency of the food which can
have a large impact on the experiment outcome. If a low-fat diet has the opposite effect of
reducing activity during subsequent starvation, the SS population could potentially exploit this to
“sense” a low-fat diet while feeding on normal diet. Further work in elucidating the mechanism
by which an HFD causes hyperactivity might reveal a potential pathway that can be investigated
in the SS population.
Diets with added yeast rescued the SS developmental phenotype (Fig. 4.21) and
triglyceride levels (Fig. 4.23) to those of the FC on a normal diet. The HYD and the ND +live
yeast had similar effects on reducing development time, but for starvation resistance, the HYD
reduced SR while the ND +live yeast increased it. The differences between actively replicating
yeasts versus heat-killed yeasts and the different response in the SS phenotype may be able to
tease apart which component(s) or function of live, replicating yeast (e.g. protein, RNA,
fermentation by-products, food pre-processing, quantity) might underlie the support of starvation
resistance as opposed to the rescue of developmental time.
Rearing the populations on normal food that has been supplemented with various
components of yeast in combination may reveal which, if any, can affect the phenotype.
Preliminary experiments from the Gibbs lab previously indicated no special affect of any
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particular micronutrient component of yeast. These findings need to be validated in order to
support the claim that the protein NSP is altered in the SS population. Additionally, the effect of
dietary yeast could possibly be due to some aspect of live, replicating, yeast that could stimulate
the IIS. For example, in rats, yeast extract was found to stimulate glucose uptake and inhibit
lipolysis like insulin and could potentiate the effect of insulin by 30% (Edens et al., 2002).
Dietary protein restriction might limit pupariation height (vertical distance away from the
food substrate chosen for puparium adhesion) (Krittika et al., 2019), and therefore might possibly
serve as a visible physiological indicator of low protein sensing. An assay of SS pupariation
height under strict conditions and precise measurements may indicate if the SS population senses
a protein restriction while on a normal diet and if an HYD rescues this and a LYD exacerbates it.
Absence of reduced pupariation height as compared to FC would unfortunately not rule out this
possibility, as the mechanisms by which a low protein diet controls this are still unknown.
Actual protein content as opposed to protein sensing might control this, for example, or the
potential altered sensing could be limited to the PG and therefore possibly not in control of this
phenotype.
Extended Development May or May Not be an Evolutionary Spandrel Due to StarvationSelection on Adult Traits
From our experiments it seems that extended larval development may not underlie the
majority of the SS population’s starvation resistance, as removing the extra feeding only mildly
impairs starvation resistance (by <20%, Fig. 4.3). In fact, no alteration could hugely reduce the
SS population’s extreme starvation resistance (Fig. 4.14). Therefore, most of the starvation
resistance comes from sources other than their extended terminal growth period or increased
larval fat accumulation rate; putatively, altered metabolism and behavior. Adult behavioral and
metabolic targets should be further investigated to unveil the mechanisms by which these flies
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resist starvation to such extremes. Experiments that manipulate adult fat content but do not alter
larval feeding would be useful in studying the contribution of fat to the SS population’s
starvation resistance. Exercising adult flies until they are lean or manipulating adult diets before
a starvation assay might provide some insights. Additionally, forcing adults to move
(“exercise”) while enduring starvation might display how much their reduced activity benefits
SR. Investigating the mechanism of lowered metabolism would discover if this pathway is
conserved in vertebrates or potentially altered in extant modern-day humans.
The relatively small contribution of larval development to adult starvation resistance
suggests that the developmental traits are spandrels or exaptations caused by a primary
evolutionary pressure on the adult that happens to have affected ecdysone levels in the larval
stage. This could be ecdysone signaling in the adult, but further still, ecdysone signaling may
not be the direct target of starvation selection either. As the altered diet experiments showed, the
SS respond differently to nutrients than the FC. This indicates that perhaps nutrition sensing or
nutrient utilization has been altered, possibly via IIS/TOR or specific amino acid sensing, and the
steroidogenic organs, which rely on these mechanisms to coordinate growth with maturation,
therefore cause the developmental period extension.
Some programming responsible for coordinating maturation with available amino acids
(and/or some other component of live yeast, but not cholesterol) is likely changed, and it
somehow primes the adult and supports starvation resistance, at least partially through increased
development time and increased fat stores. The prothoracic gland is the integration site for
signals, outputs, and feedback loops for growth and maturation and is therefore a prime target of
investigation for how the SS population survives starvation. Whether this is a global change or
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restricted to the PG (or a relay organ acting on the PG, such as the fat body) would be of great
interest.
It is useful to have terms like spandrel and exaptation to identify traits that may
themselves not have been the direct target of selection, but rather repercussions of, or supports
to, another adaptive trait. As extended larval development contributes a modest amount to
starvation resistance, it is at worst potentially an exaptation, not merely a spandrel. Yet further,
in this work I have not shown direct evidence for the supposition that selection for some trait that
alters adult metabolism or ecdysone signaling has, by necessity or happenstance (depending on
the mode of action), resulted in the extended larval development time as a mere by product and
not a bona fide target itself. This discussion of evolutionary origin, however, might lead to
further work being directed at mechanisms of starvation resistance in the adult that affect
ecdysone signaling and IIS/TOR in the PG to unravel the ultimate question about how flies (and,
as so much as can be paralleled, humans) become obese and survive starvation stress.
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Appendix
Supplementary Figures
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Fig. S1 Starvation-Selected L3 Larvae are Not Growth Restricted
Larvae staged at hatching from each population were reared concurrently. At the developmental
times specified, larvae were arranged on a micrometer slide and photographed. Images were
scaled based on the micrometer bar in the image and arranged for clarity.
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Fig. S2 Ecdysteroid Levels in Early Third Instar
Data points represent the average of three biological replicate values for the 20E EIA. 3 groups
of N=5 per population were measured. Error bars represent standard error. The apparent
“peaks” are not of statistical significance compared to the troughs.
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Fig. S3 Acceleration of Pupariation Time Upon Starvation is Only Significant in the Early
Third Instar
Clustered bar graph showing average time to pupariation after animals were either moved back
onto food (“refed”, handling control treatment) or onto non-nutritive agar (“starved”) at either
66hrsALH (recently having attained critical weight) in light orange, or 84hrsALH (when the FC
population are at about 50% wandering) in bright orange. Refed treatment is represented by a
solid bar, whereas the starved treatment is dotted. Error bars represent standard error.
When larvae were starved at 66hrsALH (in the critical weight experiments detailed
previously) they pupariated 10hrs (P<0.05) sooner than animals subjected to the handling control
treatment of being moved back onto food and “refed”. When larvae were starved at 84hrsALH
(for the starve at wandering experiments in the previous section) they pupariated at a similar time
to the “refed” control in that experiment (P=0.35). When starved early in the third instar,
animals went without food for 31hrs before 50% of them pupariated 10hrs earlier than the
“refed” control treatment. When starved in late third instar, animals went without food for 27hrs
before 50% pupariated at the same time as the “refed” control treatment. The lack of
acceleration in the late-third instar starved larvae probably does not represent any unique
physiology in the SS lines because the time without food is approximately the same. The simple
explanation of this result is that the process that initiates the acceleration of pupariation under
starvation takes time to engage, and thus results in the normal developmental time when
starvation occurs in the late third instar. This might be consistent with other ill-defined instances
of post-critical weight starvation that don’t result in acceleration of pupariation, and it may be a
function of time spent without nutrition. This bit of data is included for future potential research
into the how larval starvation affects development time of post-critical weight larvae, but it is not
further investigated in this work.
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Extended Development Time Contributes a Small Amount to the Starvation-Selected
Population’s Starvation Resistance.
The follow up experiments confirmed that the HYD speeds up development by reducing
the time to pupariation by 15hrs (or 11%; P<0.0001) in the SS population and also in the FC
population by 17hs (or 15%; P<0.0001). The reduction in development time also came at the
cost of reduced starvation resistance for both populations; 26hrs (or 11%; P<0.001) in the SS,
and 4hs (or 7%; P<0.05) in the FC.
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Fig. S4 A High Yeast Diet Reduces Development Time and Starvation Resistance
Pooled results of three independent experiments are displayed as bars representing (A) average
time at pupariation in hours after larval hatching and (B) average starvation survival time in
hours. Error bars are 95% confidence intervals. Letters represent significance groups where
significance is not printed directly.
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Rank
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Pop.
SS
SS
SS
FC
FC
FC
FC
FC
SS
SS
SS
FC
SS
SS
FC
FC

Diet
LYD +chol
ND
HSD
HSD
RD
LYD +chol
ND +live yeast
HYD
ND + vehicle
RD
ND +live yeast
ND
HYD
ND +chol
ND + vehicle
ND +chol

Pupariation Triglyceride
(hrs)
(µg/fly)
TG/DEV
163
192
1.18
130
136
1.05
168
158
0.94
141
120
0.85
105
86
0.82
140
111
0.79
93
72
0.77
94
66
0.70
133
92
0.69
125
81
0.65
110
63
0.57
107
59
0.55
111
59
0.53
133
67
0.50
114
19
0.17
115
18
0.15

Table S1 Accumulation of Triglycerides to Development Time Ratio
Table showing ratio of adult triglycerides per hours of development time, ranked from largest to
smallest.
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Fig. S5 Generations Off Selection Affect Starvation Resistance and Fat Content
Preliminary data. (A) Scatter plot shows average starvation survival time of each generation off
selection for both populations. N=25 per population per generation. Error bars represent sum of
squares. (B) and (C) are boxplots of total fat content from the heptane extraction method
(supplemental methods). N=21-25 pairs of flies per population per generation.
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Supplementary Methods
Maintaining Flies Off Selection
The populations began with the F2 adults collected in the manner previously described.
To seed further generations, approximately 50 flies were tapped into new bottles (“pushed”)
every day for three days. These were kept in quadruplicate for the SS and duplicate for the FC.
The first two pushes, each with one day of egg lay, could be used to collect adults for the next
generation, 14 days later. This was repeated through F14. This occurred during generation 110114, approximately.
Heptane Extraction Fat Content Assay
Frozen flies were dried for at least 12hrs in a 50°C oven. Fly pairs were weighed on a
microbalance (dry weight). 1.0mL of mixed heptane solvent was added to a tube with each pair
of flies. Fat was allowed to solvate out of the flies at room temperature for about 24hrs. The
solvent was then pipetted out and remaining solvent was evaporated in the 50ºC oven for 45min.
The fat-free flies were weighed again, and the fat free weight calculated from the dry weight
minus the fat free weight.
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